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PROJECT SUMMARY

The Microbial Check Valve (MCV), which is currently "_'...,_._ aboard the Shuttle Orbiter

for disinfection of the potable water supply, is an expendable flow-through canister containing

iodinated ion exchange resin. _teans for extension of MCV life are desirable to avoid

resupp!y penalties The Phase I RegeneraNe Biocide Delivery Unit pros, a demonstrated the

feasibility cf regenerating an MCV m situ, using a .strong aqueous elemental iodine solution

resulting from diversion of the MCV inkluent to a packed bed containing iodine crystals. In

small column tests, eight manual regenerations of an MCV resin were accomplished. The

term Regenerative Microbial Check Valve (RAtCV) was adopted describing this new

i

i

technology.

The Phase II program has resulted in the development of a full scale and fully

autonomous prototype RMCV, capable of maintaining residual 12 levels between 2 0 - 4.0

mg/L for prolonged periods. During six months of testing at the Space Station baseline flow

rate of 120 cm3/min, the prototype RMCV underwent nine regenerations. RMCV life cycle

tests, using a variety of influent streams, were conducted over an eighteen month period to

determine the useful lives of MCVs incorporating till= _e,_, r_cF, Jology and to determine

ultimate failure mechanisms. MCV life extensions of 13¢, fold were demonstrated, limited

only by the Phase II performance period. Based upon tNs work, it is certain that RMCV units

can be developed to provide unattended biocide addition for the thirty year life of Space

Station Freedom, or for other longer duration applicat_u,',s such as a Lunar Base or Mars

mission.

1
t0

RMCV technology has also been demonstrated capable of delivering, on demand, a

concentrated aqueous 12 solution tbr potential use as a disinfectant during transient episodes

of microbial surface contamination, for the control ofbiofilm formation, or as a preventative

-_ measure in systems which are particularly susceptible to the growth of microorganisms.

i
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Disinfection of the potabIe water supply aboard the Shuttle Orbiter is currently

provided by the Microbial Check Valve (MCV)87,88, 89. The MCV produces a signit)zant

microt ial contact kill, and imparts a biocidal iodine residual to the

water62'82"127'290291,292,368,421 The MCV is an in-line, flow-through cartridge

containing iodinated strong base anion exchange resin. Elemental iodine (I2) , in the form of

complex polyiodide anions52,136,168,189,190,191,194,195,237,250,369,414,435,453, is

bound to the quaterna_ amine functional groups within the resin framework. As water flows

through the MC\ some of the polyiodide anions dissociate, resulting in the liberation of

aqueous 12 .

The dissociation of elemental 12 from the bound state as a complex anion, to the free

aqueous state is an equilibfiuni process, and hence is reversible. In a flow-through situation,

true equilibrium is not achieved. The amount of residual 12 imparted to the process watt, r

stream at any given time is determined by the method of MCV resin preparation, the design of

the MCV cannister, and the stage of the MCV in its useful life. The Orbiter MCV has a

design life of 30 days. An MCV with a 90 day life _s baselined for Space Station Freedom 53

For longer duration applications, such as a Lunar Base or Mars mission, an extended life is

desirable to avoid resupply penalties.

A method of in situ MCV regeneration using elemental iodine has been developed.

The process is illustrated in Figure 1.1 During regeneration, water en route to the MCV first

passes through a crystalline iodine bed where a concentration between 200 - 300 mg/L 12 is

attained. When introduced into the MCV, a reverse concentration gradient is establisaed

which favors loading of 12 onto the resin, effecting regeneration of the MCV.

The initial demonstration of the concept was accomplished under the Phase I SBIR

Contract No. NAS9 - 18113, entitled Regenerable Biocide Delivery Unit90, 222 which

concluded August, 1989. In this work, eight successful regenerations were demonstrated

using small column scale MCVs, and the term Regenerative Microbial Check Valve (RMCV)

URC 80356 1 - 2
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Figure 1.1 Block Diagram of the Regenerative Microbial Check Valve (RMCV).

was adopted to describe tNs techn _logy

The generalized RMCV illustrated schematically in Figure I. 1 is typical of the fully

autonomous units assembled and tested under the current development program, ranging from

small column scale RMCVs to a full scale prototype system capable of accepting Space

Station Freedom design flow rates. -"he autonomous RMCV consists of an MCV, 12 Crystal

Bed, diverter valves iodine monitor, and controller. In the normal washout mode of operation,

the process water stream is routed directly through the MCV cannister and the MCV effluent

12 concentration is continuously tracked by the iodine monitor which transmits this

information to the controller. When residual 12 levels fall below 2.0 mg/L, the controller

triggers the diverter valve to re-route flow first through the 12 Crystal Bed and then through

the MCV. When the MCV resin has been fully replenished, the controller switches the

diverter valve back to its original position and flow is re-established directly to the MCV

cannister. An operational 12 concentration range between 4.0 - 2.0 mg/L was established for

URC 80356 1-3



the RMCV. The duration of the regeneration process is designed to replenish the MCV re_in

sufficiently for residual 12 concentrations of 4.0 mg,/L to be re-established

This report details the advanced P,,MCV developments accomplishea unce- the Phase

1I SBIR contract No. NAS9-18361 for the performance period September 16, 1990 -

September 16, 1992. The report is organized into sections detailing: RMCV test stand

design and operation, chemistry of the RMCV challenge streams, the diode array

spectrophotometer as RMCV test stand on-line iodine monitor, small column long term

RMCV life cycle tests, parametric testing, RMCV chemistry., RMCV super-iodination for

microbial decontamination, compatibility of materials with elemental iodine, and prototype

RMCV development and testing. The final section contains both the references cited in the

text and a comprehensive bibliography of relevant literature. For convenience, the references

are not orgauized in numerical order of citation. Instead they have been included in the

bibliography as a whole, which is arranged alphabetically by author and nurvbered

consecutively.
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2.0 Overview,

Two fully autonomous Regenerative Microbial Check Valve (RMCV) Test Stands

were designed+ constructed, and programmed for the purposes of conducting small column

long term regenerati_ e life cycle tests and a variety of discrete parametric tests. Two vituatly

identical systems resulted from this effort, diff_er;ng only slightly in the sot_ware used ;br

control purposes.

The overall system design was driven by several key requirements. Foremost among

these was the operational objective of continuously maintaining aqueous elemental iodine (i2)

concentrations in all RMCV effluent streams between a minimum value of 2.0 mg/L and a

maximum value of 40 mg/L. The system was therefore required to sense RMCV effluent 12

concentrations in real time in order to invoke regeneration at residual biocide levels < 2.0

mg/L. To function autonomously, with a minimum of operator intervention, it was required

that the regeneration event be both initiated and terminated by the system. The size and level

of complexity of the RMCV test stand was further established by the need for continuous

unattended operation during extended periods of time, of up to four independent RMCV

circuits. System complexity was further driven by the required capability of supplying

selected RMCV influent challenge streams at both elevated and sub-ambient temperatures.

From a logistics perspective, the scope of the Phase II work plan required development of a

system capable of obtaining maximum da_a using a minimum of project personnel.

Control of each test stand was established using an IBM PC compatible 386SX

personal computer. The ttewlett-Packard (liP) model 8452A diode array spectrophotometer

was selected as the iodine monitor. Communication between the iodine monitor and host

computer was obtained using a parallel interface. Steady flow of the RMCV challenge

influents was maintained using a four channel peristaltic pump. One of four possible flowing

streams was routed to the system iodine mo,,fitor using solenoid actuated valves controlled by

direct digital output to a bank of solid state relays. Similarly intiation and termination of the

LrRC 80356 2-2
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regeneration event was controlled by solenoid actuated valves Temperatures were monitored

using thermocouples and a digital thermometer with an RS-232C serial data link to the host

computer. The system design and operation is described in detail below

2.1 RMCV Test Stand Design and Construction.

Two computer controlled test stands were constructed for the continuous operation of

a maximum of four small column scale RMCVs each. The four influent RMCV challenge

streams included: ersatz reclaimed potable water, ersatz reclaimed hygiene water, ersatz urine

di._tillate and ersatz humidity condensate. The chemical compositions of these challenge

solutions are given in Section 3. Materials of construction were selected for their compatibility

with the constituents of the RMCV aqu :)us challenge streams.

Each RMCV Test Stand consists of four identical RMCV circuits plumbed in parallel.

Downstream of the MCVs, the four flowing streams are multiplexed to a photodiode array

I_W - visible spectrophotometer, which serves as the on-line iodine monitor. Regeneration

and stream selection for iodine monitoring are achieved under computer control. Unique to

the third and fourth RMCV circuits, are temperature control units which produce ersatz urine

distillate at 26.7 oc znd humidity condensate at 1.7 oc.

2.1.1 The Regenerative Microbial Check Valve Circuit.

The essential 6etails of an individual RMCV circuit are illustrated schematically in

FiFare 2.1. I'he RMCV challenge solution feedstock is contained within a 190 liter glass lined

ta_k The RMCV feed solution flows under the action of a Masterflex model 7520-35 (Cole-

Parmer) peristaltic cartridge pump fitted with an attached Model 7519-00 four channel

cartridge. The pump is rated at 3 A, 115 VAC and 50/60 Hz. The challenge solution flow rate

is cominuously adjustable via a rear mounted ten turn potentiometer or alternatively using a 4

- 20 mA external signal. The pump is capable of driving four streams within the 10 mL/min -

50 rrd_./min flow rate range required for either long term regnerative life cycle (real time) tests

URC 80356 2-3
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Figure 2.1 Schematic illustration of individual small column scale ILMCV
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or the variety of pararnetric (accelerated) tests.

The conduit carrying RMCV challenge so!ut_on from the feed tank, through the

peristaltic pump head, to the tLMCV control solenoid valve is composeci of Tygon tabing.

The RMCV control valve is a two-way ATKOMATIC stainless steel solenoM actuated

diverter vaive (Cole Parrner 135-C32). This regeration control valve is powered t_y 120 VAC

and 60 Hz, consumes 6.5 watts, and is actuated either manually or under computer control via

digital ouput to a solid atate relay.

In the normal (elemental iodine washout) operational mode, flow is routed first

through a polypropyiene check valve and then directly to the inflow face of the MCV. The

regeneration mode is invoked when power is applied to the solenoid. The RMCV control

valve then directs the flow first past a second polypropyiene check valve, then through the

solid state iodine crystai regeneration bed. Downstream of the iodine crystal bed, the

regeneration loop feeds back into the main stream using a Teflon - PFA union, aad finally the

regeneration stream flows into the MCV.

The solid state iodine crystal regeneration bed consists of a 0.9 mm ID borosilicate

glass column packed with 10 cm 3 of iodine and held in place at each end with a glass wool

plug. This configuration provides a residence time of approximately 0.8 minutes while flow is

diverted in this direction. Downstream of the iodine crystal bed, glass or Teflon has been used

where possiNe, to minimize the potential for interaction of iodine with the materials of

construction. Located immediately downstream of the crystal bed is a sample port, made using

a Teflon -PFA tee fitted with a septum such as that used for gas chromatography. This sample

port serves to permit the collection of representative aliquots of the concentrated aqueous

elemental iodine regeneration liquor.

Irrespective of the position of the RMCV control valve, the flowing stream of

challenge solution is directed to the inflow face of the MCV. The small column scale MCV

consists of a 0.8 mnl ID borosilicate glass tube containing 2.5 cm 3 of iodinated resin. The
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MCV resinswere iodinatedusingUmpquaResearchCompanystandardproceduresfor the

preparationof resins,suchasfor thoseto beusedin the ShuttleOrbiter or in UNIBEDs for

SpaceStationFreedom multifiltration applications. The four MCVs ased for the !ong term life

cycle tests as we!l as those used for the bulk of the parametric testing were prepared using

the standard iodinated resin used in '_he preparation of MCVs for Shuttle Orbiter missions

These resins typically have an anion exchange capacity for iodide of approxiraatdy i 15

meq/cm 3 and initial iota! elemental iodine loadings of 230 rr_Molelcm 3. RMCVs prepared

from Rohm and Haas Amberlite 401 S resin have undergone limited testing. MCV resins will

be treated in greater detail in Sectiona 5 and 6 to follow

2.1.2 The Multiplexed RMCV Test Stand.

Each ILMCV Test Stand multiplexes four individual RMCV circuits as shown in

Figure 2.2. The residual iodine contairfing effluent from each of the individual MCVs passes

through a second solenoid actuated two-way Teflon valve, which routes each of the four

challenge streams sequentially into the photodiode an'ay spectrophotemeter flow-through cell,

where the concentration of aqueous iodine species is determined. The four Teflon solenoid

actuated valves (Cole Parmer N-01367-72) are driven by a 12 VDC power supply. Irt the

energized state, each valve consumes 3 W and is rated for pressures up to 30 psig The

Teflon valves can be operated either manually or via a solid state relay under computer

control. In the rmrmal operation mode, the solenoid is not energized and the RMCV challenge

stream is routed to waste. When power is applied, the valve diverts its respective challenge

solution flow to the diode array spectrophotometer's 10 cm path length quartz flow-through

ceil. The cell's effluent is carried to waste _a Teflon tubing. This conduit provides a

convenient means of sample collection for pH, conductivity and independent iodine

determinations.

2.1.3 System On-line Iodine Monitor.

An HP model 8452A photodiode array spectrophotometer is used as the system on
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Figure 2.2 Integrated RMCV Test Stand Schematic.
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line iodinemonitor.It isasinglebeaminstrumentwith 316photodiodesyieldingaspectra!

resolutionof 2 nmin the wavelength (L) range between 1,90 - 820 nm, covering beth the

ultraviolet (U-V) and visible (VIS) regions of the absorption spectrum "[he instrument

dedicated to the long term RMCV life cycle test stand used a i0 cm path length UV quartz

flow-through spectrophotometer cell throughout the course of this experiment. The second

test stand has been variously configured with 1 cm, 5 cm and 10 cm path length flow-through

quartz spectrophotometer celi,, dependent upon the needs of individual experiments.

2.1.4 RMCV Test Stand Control.

The overall I_MCV contol scheme is illustrated in Figure 2.3. A 16 MHz, 386 SX IBM

compatible rmcrocomputer provides overall system control of each of the RMCV test stands.

Basic features of these identical computer systems include 1 Mb RAM, Color VGA monitor,

40 Mb RLL fixed disk, 5 1/4" 1.2 Mb and 3 1/2" 1.44 Mb floppy disk drives.

386

SX

II I

I 2 MONIT__.OR ]

.........I................
It

............................!, 1

_-_- } R_- R4

} M1 - M4
--7

_J- TT - T4

-- Figure 2.3 Schematic Illustration of RMCV Test Stand Control Architecture.
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The HP 8452A diode array spectrophotometer is not a stand alone instrument. It was

designed to operate only under computer control. ].n the analytical laboratory, the

spectropho_:ometer is typical!y interfaced (parallel or serial) _o an IBM compatible 80286 PC

or better with a minimum of EGA graphics capability. Using HP proprietary software, the

computer - spectrophotometer combination functions as a dedicated instrument.

For the purposes of" using the diode array spectrophotometer as the RMCV test stand

system iodine monitor, a different approach was required. As the HP control software does

not have multi-tasking capability, and as our computer system was required to provide other

monitoring and control f,mctions beyond those necessary, to serve the diode array

spectrophotometer, fundamental spectrometric control subroutines were embedded in the

system master co'tirol program RMCVEXE. This master program ,,,,'as written using

Microsoft QuickBasic Version 4.5, an enhanced and compiled version of the BASIC

language. The use of this primitive programming language was necessitated by the availability

of diode array spectrophotometer control function subroutines in tbds language only. A listing

of the RMCV.B_S source code is included in Appendi;_ I. System control of the iodine

monitor is implemented via an IEEE-488 (H-PIB, GPIB) parallel interfa,ze bus linking the 386

SX computer w_th the diode array spectrophotmeter. Use of the diode array spectrc'neter as

the system iodine monitor is treated in extensive detail in Section 4.

Each of a maximum of four flowing RMCV effluent streams are sequentially routed to

the system iodine monitor. Computer control of the four Teflon two-way valves responsible

for flow swi.tching through the iodine monitor is effected using an ACCESS model IOD-24

buffered 24-bit digital Input/Output (FO) board. The I/O board occupies a single 16 bit site

on the 386 SX motherboard. The digital I/O lines are routed to an externally mounted

ACCESS model ROB-8 solid state re!ay board housing eight solid state relays, one for each

test stand solenoid valve. Relays 1 - 4 t_[1 - M4 in Figure 2.3) are responsible for

mu!tiplexi.ng the four RMCV effluents to the system iodine monitor and correspond to ersatz
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recl_med potable water, ersatz reclaimed hygiene water, ersatz humidity condensate, and

ersatz urine distilla:e RMCV effluents respectively. The chemist .ry of these four challenge

streams is presented in Section 3 The architecture of the control prog:am allows anv

combination of these four streams to be operated at a given time.

"I_be temperatures measured by four tTpe K thermocouples rnou_ted to each MCV

resin bed are also multiplexed using relays 1 - 4. The thermocouples are designated T! - T4

and correspond to the temperatures of the RaMCVs challenged with ersatz reclaimed potable

water, ersatz reclaimed hygiene water, ersatz humidity condensate, and ersatz urine distillate

challenge streams respectively. At the same time that a given relay switches RMCV effluent

flow into the system iodine monitor, it also switches the appropriate thermocouple signal to

the Newport model 269 - D1 digital therrnocouple thermometer. Tke temperature is then

transmitted via a serial RS-232C data transfer to the comput.. "s COM I port.

Based upon the quantitative information obtained by the system iodine monitor, the

computer also controls the MCV regenerztion process. Regeneration e"_ents are invoked using

the distal I/O board to control the solid state relays 5 - 8 CRI - R4 in Figure 2.3)

corresponding to ersatz reclaimed potable water, ersatz reclaimed hygiene water, ersatz

humidity condensate, arid ersatz urine distillate regeneration control valves respectively

Regeneration is invoked by applying power to the appropriate solenoid valve•

2.1.5 RMCV Influent Temperature Control Circuits.

The features of the RMCV test apparatus outlined above are common to each of the

four circuits corresponding to the fbur designated MCV chall_,nge streams. The ersatz urine

distillate and ersatz humidity condensate streams present the additional requirement for

temperature adjustment to approximately 26.7 oc and i.7 oc respectively.

The cooling system used to produce 1 7 oc ersatz humidity condensate is shown

schematically in Figure 2.4. Upstream of the RMCV control solenoid, ersatz humidity

condensate is pumped through a series of stainless steel coils maintained at 1.7 oc in a 6 liter

URC 8O356 2 - I0
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insulated water bath A M._3c, CH Mfg. model IA-MD-I continuous duty pump is used to

revirculate water between the insulated water bath and a 30 liter coolant reservoir at a flow

rate of approximately 3._; .I.2min. The pump draws 0.45 A at 115 VAC and 50/60 Hz. The

reservoir is maintained at -2 °C by a Blue-M model D-3! 15-O-C portable immersion coo!ing

unit. The cooling unit consumes 1080 watts at 120 VAC and 50/60 Hz, and provides 500

watts of cooling power. Salt (NaCI) is added to the coolant water to depress the .freezing

point to the desired '_emperature. A NL&RCH Mfg. model AC-2CP.MD recirculating, 'imp

provides continuous flow of water in the liquid state across the cooling coils and the formed

ice at appro.,dmately 20 L/rain This pump operates at 3000 rpm and is rated at i.5 A for

l15V AC and 50/60 Hz.. Temperature control is achieved through a feedback circuit to the

immersion cooler from a K type therrnocouple mounted within the cooling coils Temperature

of the primary cooling bath is further stabilized by an ice - water equilibrium at the freezing

point, which directs minor thermal transients into phase changes, rather than temperature

changes. The sub-system provides temperature stability of_+. 1 °C.

The 26.7 oc ersa.z urine distillate heating system is il!ustrated schematically in Figure

2.5. Upstream of:he RMCV control solenoid, ersatz urine distillate is routed through a series

of stainless steel coils maintained at 26.7 oc in a 6 liter capacity insulated water bath.

Stainless steel coils are used to maximize heat transfer. A MARCH l_ffg, model AC-2CP-MD

continuous duty pump is used to recirculate wa_er at approximately 20 L/rain between the

insulated bath and a 1.4 liter stainless steel cylinder wrapped wath 209 watt heat tape. The

temperature of the bath is monitored using a J - type immersion thermocouple, whose signal is

fed to an OMEGA model CN-1200 Process Variable Controller which applies power to the

heat tape, as required. The controller is set to maintain 26.7 oc in tl'.e bath. All electrical

components of this sub-system operate using 120 VAC and 50/60 Hz line current. The sub-

system provides temperature stability of+ 1 oc.

I
P

L
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2.2 RMCV Test Stand Operation.

Challenge solutions are prepared within the !90 liter glass lined feed tanks fi'om pre-

made refrigerated concentrates. Newly made up RMCV feed tanks are mixed sequentially

using a recirculating pump which draws from tile bottoms and de'ivers to the tops of the

storage tanks until uniform compositions are obtained.

Once the feed solutions are well mixed, flow tt-,rough the RMCV circuits is established

using the four channel peristaltic cartridge pump. For routine operation, flow rates in the

range of 10 - 12 mL/min are set using a ten turn poten(o, meter. Flow rates are determined

manually using a graduated cyclinder and a stopwatch. Prior to the initiation of computer

control, with all solid state relays in the de-energized state, flow is routed directly to each

MCV and the effluents are routed directly to waste. In this condition, both the solid state

elemental iodine crystal regeneration beds and the system iodine monitor are bypassed.

Autonomous operation of the RMCV Test Stand is initiated by entering the IO

directory on the C: partition of the fixed disk drive and invoking the RMCV program. The

control program immediately sets all solid state relays to the power off condition and then

prompts the user to fill the system iodine monitor flow-through cell with a deionized (Dl)

water blank. The blank spectrum thus obtained is subtracted by the diode array

spectrophotometer from all subsequent spectra collected until the RMCV control program is

terminated. The user is then prompted to enter whether or not (Y/N) each of the four tLMCV

challenge streams is flowing.

The control program routes the first RMCV effluent to the system iodine monitor by

energizing the solid state relay controlling the appropriate Teflon @ two-way valve. Normally

the iodinated RMCV effluent flows through the quartz spectrophotomer cell for a twenty

minute period prior to acquisition of the spectrum. This time span is necessary for the

previous cell contents to be completely replaced. After twenty minutes, a spectrum is

acquired, net absorbances at selected wavelengths are passed along the parallel interface to
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the computer, and iodine values are calculated and stored on both the fixed disk, and for

backup purposes on a 1.44 Mb floppy disk in the B: drive. If the elemental iodine values are

2.0 mg/L or greater the computer de-energizes the currer_t relay and energizes the next relay

in sequence, thus routing a new P)dCV effluent to the syszem iodine monitor.

If the residual 12 level falls below 2.0 rag/L, the flow of that particular ILMCV effluent

stream is maintained to the system iodine r,lor_itor and regeneration i_, invoked by energizing

the appropriate stainless steel two-way valve via digital output to the corresponding solid

state relay. During regeneration, spectra are acquired at five minute inte_'als. Flow through

the iodine monitor does not index to the next sequential RMCV effluent until the regeneration

event is terminated. Thus only one RMCV can undergo regeneration at a time. Criteria for

termination of regeneration, used in the small column scale ILMCV test stands invo!ve b<Ah

preset times and effluent iodine concentration levels and will be discussed in more detail in

Sections 5 and 6 of this report covering long term life cycle testing and parametric testing

respectively.

The sequence of events is portrayed on the system VGA color monitor where a graph

representing each of the four RMCV circuits is displayed. On each graph a time series of

iodine monitor test results is presented as a histogram. In this representation, the height of

each bar indicates the total concentration of iodine species in mg/L. The lower most purple

region of the bar indicates the concentration of elemental iodine. Located above this region is

a blue colored area whose height indicates approximate iodide concentration, The status of

each of the eight solid state relays is also indicated on the VGA screen by color. Red indicates

that the relay and the corresponding solenoid valve are energized. A green color indicates that

the relay is not energized. These colors correspond to the colors emmitted by status indicating

LEDs mounted beside the solid state relays on the ROB-8 circuit board, The computer screen

also indicates both the current time and the time of last spectral acquisition.

A black and white facsimile of a typical RMCV long ter/n life cycle test stand color
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VGA monitor display is shown in Figure 26. Clockwise, begining with the upper left hand

comer, the grapi-,,s represent R: 'CV 1 - ersatz reclaimed potable water, RaMCV 2 - ersatz

reclaimed hygiene water, ILMCV 3 - ersatz humidity condensate, and RMCV 4 - ersatz urine

distillate, in this example the potable ware," stream is washing out from apl_roximately 4 mg/L

12 to 3.4 reg.,q; the reclaimed hygiene water stream is washing cut t?om 4 rngcq_, - 3.2 rag/L; the

humidity condensate stream is osci!lating between 2.3 - 3.0 m_l; and the urine distillate

stream is _lropping from 3.3 - 2.8 m_!L.

A regeneration event for the humidity condensate stream is show_ in Figure 2.7. In

this display the large gaps in the graphs for RMCVs l, 2, and 4 are attributable to the

regeneration of RMCV 3 challenged with ersatz humidity condensate. The system iodine

monitor follows the entire course of the MCV regeneration, during which the sampling

periodicity is increased to once every five minutes. The elemental iodine concentrations can be

seen to rise from 7.2 mg/L to > I0 mg/L over the course ofthe regeneration. )t is also evident

that once regeneration terminates, normal washout begins with residual 12 levels of

approximately 4 mg/L.

The systems are normally operated continuously until the challenge stream feed tanks

are depleted, at which time the systems a.e shut down for routine maintenance. Quadratic

calibration coefficients for calculation of iodine and iodide values in any of the RMCV effluent

matrices can be changed while autonomous operation continues via keyboard commands. The

time interval between sampling events can also be changed via keyboard entry.

During the approximate eighteen month operational histou" of the Test Stand

dedicated to the long term RMCV life cycle tests, the system has proven to be surprisingly

robust. The most frequent cause of loss of autonomous contm! has beer_ due to rare transient

interuptions in liaboratory power causing program execution to cease. In such cases, flows to

the RMCVs are re-established as soon as power returns, but control functions remain

suspended until the computers are manuatiy re-booted and the control programs are restarted.
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One solid state relay, one stainless steel valve, and two Tefior, valves have been

replaced. Two of the recirculafing pumps in the 1.7 oC temperr, ture cor,_ttot sub-system have

been replaced Tubing through the Masterflex p_._p cartridges has required replacement at

approximate six week intervals to maintain desked flow'rates Glass worst p!ugs at the inflow

faces of both the MCVs and the ioair,_ wstal regeneration beds have plugged with particulate

matter requiring replacement to prevent the build up of unacceptably high pressures. Routine

maintenance during shutdowns primarily involves tighter_Jng of the various fittings and tubing

:ormections to prevent leaks.
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CHEMISTRY of the RMCV

CHALLENGE SOLLrHONS
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3.0 Overview.

A prime objective of the RMCV development activity was to characterize the system

response when challenged with a range of intluent contaminant streams, varying ir_ chemical

composition between the pure water ideal case and significa:_tly contaminated waters

representa'_; ¢e of streams from reclamation processes encountered in closed loop regenerative

life support systems. The four challenge streams selected were: ersatz reclaimed potable

water, ersatz reclaimed hygiene water, ersatz humidity condensate, and ersatz urine distillate.

The chemical compositions are outlined belo, w.

3.1 Ersatz Reclaimed Potable Water.

Laboratory grade deionized water was selected as reasonably representative of

reclaimed waters suitable for human consamption. The deionized (DI) water used in this study

was prepared from tap water by treatment with Cuitigan mixed bed ion exchangers and

sorption/filtration media. The laboratory. DI water ranges typically between pH 5 3 and pH

7.0, exhibits conductivities between 0.1 _S/cm and 50 I_S/cm, and comains Total Organic

Carbon (TOC) _ 1.0 rag,3., and Total Inorganic Carbon (TIC) _ 0.5 mg/L C_oroform,

resulting from chlorination of the public drinking water supply, is the only trace organic

substance which has been identified Chloroform typically occurs at levels __ 0.5 _g/L. The

water has been tested for all EPA regulated drinking water contaminants, including the fifty-

nine Method 502.2 volatile organic chemicals 419, with chloroform being the only organic

analyte detected. Microflora are typically present in the DI water at levels ranging between 5

x 10 4 _ 2 x 105 CI_3/mL and consist predorninately of Pseudomonaspicketti:.

3.2 Ersatz Reclaimed Hygiene Water.

The composition of this challenge stream represents water which has been sufficiently

URC 80356 3-2
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i
purified for use as shower or wash water but insufficiently puffied for human consumption,

Routine make-up was achieved using concentrates dissolved in DI water, diluted to volume

inside the ILMCV feed tank with DI water, and mixed wi_h a recircu!afing pump. Bacterial

counts for this challenge stream ranged betv,'een 1.5 x 103 - 1 9 x 104 CFU/cm 3.

Contaminant Structure mnnnnnnnn_____ T_QCm___

/. 1¢kI2

Urea ¢ 12.5 2.50

O

CH3CH20H
Ethanol 2.0 1.04

CH3
\ / CH3
C

Acetone I! 2.0 1.24
O

Sodium Chloride l_a + Cl- ! .0 0

Z = 17.5 Z = 4.78

3.3 Ersatz, Humidity. Condensate.

The chemical composition of the humidity conde,asate model used throughout this

study represents a collection of known and suspected humidity condensate constituents in

relatively high concentrations for the purpose of rigorously challenging ion exchange media.

To this end, the chemical compositon of the subject model is heavily weighted toward ionic or

ionizable substances in contrast to ersatz humidity condensate models designed to challenge

other processes such as catalytic oxidation 1. The model is a simplification of the humidity

condensate model designed to challenge multifiltration UN1BEDs for Space Station Freedom,

prior to unification of the water reclamation streams. The model was simplified by the

URC 80356 3 - 3



elimination of trace contaminants occuring at levels less than 1 mg/L and by the elimination of

thiourea. Routine make-up was achieved using concentrates dissolved in DI water, diluted to

volume inside the RMCV t_ed sank with DI water, and mixed with a recirculating pump.

M_crobia] counts in this challenge stream ranged between < 10 .- 3.4 x !94 CFU.,cm-_.; ' The

chemical composition is given below

ON
/

H--C

O

Formic Acid 115 mg/L (30.0l mg/L as TOC)

OH
/

CH3- %\
0

Acetic Acid 75 mg,,'L (30.00 me,A, as TOC)

OH
/

CH a-CH 2--C
,x,,

O

Propionic Acid 62 mg/L (30.16 rag,% as TOC)

\

II

_anmonium Carbonate 35 mg&,

Caprolactam 24 mg/L

( 0.0 mffL as TOC)

(16.78 mg/L as TOC)

_w._aoH
Ethanol 5 mg/L (2.61 mg/L as TOC)
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ErsatzHumidityCon_dens___at_eContinued.

cn3ort
Methanol ._ mg/L (1 _87 mg/L as TOC)

H OH
', /
J

CI13--C_ C

OH O

Lactic Acid 5 mg/L

C'H3

C
II
O

C'lt3

Acetone 3 mg/L

c-- o- CH2-CH f C_- C_f CH 2-CH 2-CH2- C_ 3

--0 - eri 2- e_2-- erl 2- c'_f cliff-cK 2-¢_2- m3

0

Dioctylphthalate 3 mg/L

(2.00 mg/L as TOC)

(1.86 mg,'L as TOC)

(2.21 m_% as TOC)

Benzoic Ai:id 3 rage'I_. (207 mg,% as TOC)

C"H2 C_ 2 CH 2 C_ 3

H--N:
I

CH2 C_ 2 C'_2 CH3
Di-n-butylamine 2 mg/L (1.49 mg/L as TOC)
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Ersatz Humidity Condensate Continued.

Ott
/

/c% o

CapD'lic Acid 2 mg/L

(Octanoic)

(1,33 rag, q_,as TOC)

O N-- CH2-CII3

N-ethyl morpholine 2 mg/L (1,25 mg/L as TOC)

H
¢

/

CH3--%
0

Acetaldehyde 2 m_dL

_NH2 OH
J /

NH2- CH2-CH2-CHIF CH 2- C--C
" t \\

H O

Lysine 2 0 mg/L

E = 345 mg/L

(1.09 mg/L as TOC)

(0.99 mgPL as TOC)

.52.= t 23,72 mg/L TOC

3.4 Ersatz Urine Distillate.

The ersatz urine distillate challenge stream represents an assemblage of possible

contaminants in relatively high concentrations. Routine make-up was achieved using

concentrates dissolved in DI water, diluted to volume inside the RMC.V fi_ed tank with DI

water, and mixed with a recirculating pump. ,Microbial populations in this challenge stream

URC 83356 3- 6



ranged between 5.0 x 102 - 6.0 x 104 CFU/cm 3. The chemical composition follows

OH
/

/

_H 3 - C
V,
0

Acetic Acid 30 m&ZL (12.00 mq_T, as TOC)

OH
/

H_O
\\

O
Formic Acid I0 mgfl, (2.60 mg/L as TOC)

OH
/

CH3" CH2- C"
\\

O

Propionic Acid ]o mg/L (4.86 mg/L as TOC)

Benzoic Acid 2.tq mg/% (I. 38 mgfL as TOC)

cn:_aoH
Ethanol 2.0 mg/L (1.04 rn_, as TOC)

c_3on
Methanol _.0 mg/L (0.37 mg/L as Toe)

Phenol o.6 mgn, (0.46 mg/L as Toe)

z.,x"= 55.6 mg/L Z = 22.71 mg/L TOC

URC 80356 3-7



THE DIODE ARRAY

SPECTROPHOTOMETER as RMCV

TEST STAND ON-LINE IODINE
MONITOR
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4.0 Overview.

Absorbar, ce in the 460 r,'n region of the visible spectrum has been used extensively for

the determination of aqueous elememal iodine6,19,74,374-376, and was used successfully to

monitor iodine levels near the solubility limit in the Phase I increment of the RMCV

development effort90,222 An on-line 12 monitor using absorbance at 466 nm was developed

by Walsh et al34,427. The iodine bench, currently under development by Astro International

Corporation as a component of the Space Station Freedom Process Control Water Quality

Monitor (PCWQM), uses absorbance at 470 nm to quantify 12 leve!s in an aqueous stream

flowing at a nominal 120 cm3/minl2,13,116,215,216. Building upon this founda_'iort, Lrv-

visible ab_rbar, ce spectrophotometry was selected as the analytical method of choice for

incorporation into the autonomous RMCV test stands.

"l'he HP model 8452A diode array spectrophotometer has several features which make

it an attractive choice for applications such as the small column scale Pd_CV test stand on-

line iodine monitors. Among these are: the wide dynamic wavelength (_,) range from I90 nm

in the ultraw;olet (UV) through the visible (VIS) region of the spectnam to 820 nm in near

infrared (IR); the rapid rate of spectral acquisition; minimization of moving parts required for

operation of the instrument (in contrast to scanning LW-VIS instruments); and the relative

ease with which the instrument can be integrated as a component into a larger computer

controlled system

For this study three sample cells with optical path lengths ef 1 cm, 5 cm ar'.d 10 cm

wet(- used. The 1 cm path length cell used is a conventional HP 89062A square 801aL flow-

through cuvette. The 5 cm and 10 cm cells are both UV grade quartz cylinders with Teflon

PTFE stoppers. These two cel_s differ only in their lengths along the horizontal axis Holes

have been drilled through the Teflon stoppers at each end, through which Teflon tubing has

been inserted as the _urce of influent from the RMCVs and as the conduit for effluent to

URC 80356 4-2
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waste, in the flow-through configuration.

4.1 Diode Array Spectrophotometer Quantitative Methodology,

An absorbance (A) spectrum of 0.4 mg/L aqueous iodide (I"/, acquired using a I0 cm

path length cell, is shown in Figure 4.1. Sharp absorbance maxima are evident at L = 196 nm

and L = 228 run. Figure 4.2 presents tke spect.,um of 2.0 mg,/L aqueoa_ elemental iodine (I2)

a_so acquired using a 10 cm path teng'th cell. In the flail scale representation of 4.2a the

absorbance maximum at L = 204 nm is shown. Below, in the expanded scale depiction

presented as Figure 4.2b, two additional max/ran at Z, = 270 nm and Z. = 460 run are evident.

The situation becomes more complex when a mixed iodine-iodide spectrum is

examined Figure 4.3 presents the spectrum of 4.0 mg/L 12 in the presence of 2.0 mg/L I-. In

the fiJll scale spectrum shown in 4.3a it can be s_n that the absorption regions for I2, with a

maximum at L = 204 nm, and the absorption regions for I', with a maximum at _. = 228 rim,

overlap and fuse into a single asymmetric absorption region from which quantitative

information about ei_'her species cannot be easily extracted

0.6 i ' ' ' ' ' ' ' ' ' '
[ 196_ I

11.5 q
225 nan -t

ta 0.¢
U
z
.IC
=m 0.3
re,
o
in
m 0.2
4c

0. t

0.9

190 620
WAVELENGTH (rim)

Figure 4.1 LW-VIS Spectrum of 0.4 mg/L I" in DI Water.
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Figure 4.2 UV-VIS Spectrum of 2.0 mgPL 12 in DI Water
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Figure 4.3 UV - VIS spectrum of 2.0 mg/L I-, 4,0 mg/L 12 in DI Water.
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The expanded scale spectrum for this mixture, shown in 4.3b, reveals pc:or resolution of the

relative maximum at _. = 270 nm attrubutable to I2. Examination of longer wavelengths

reveals two new relative maxima in the high ultra,,_otet at _. = 288 and _. = 350

mmAbsorbance in these regions is due to the presence of (he '_riodide (I3-) anion formed by

the equilibrium reaction between elemental ioa_:-,e and the iodide anion,

+I- o Koq-[I,][r]

Further upscale in the visible spectral region is the k = 460 nm relative 12 absorbance

maximum which remains well resolved but rests upon an elevated baseline resulting from the

presence of I- in the mixture.

Spectra of non-iodinated matrix blanks corresponding to the four RMCV challenge

solutions are given in Figure 4.4. The DI water spectrum of Figure 4.4a, replesenting the

ersatz reclaimed potable water matrix, is featureless. This is because the spectrophotometer is

routinely zeroed using a DI water blank. Some slight spectral features car, be seen in the

ersatz reclaimed hygiene water matrix as shown in Figure 4.ab. Very stroag spectral features,

dominated by marked absorbance in the rJV region between 20e nm - 230 r_rv., are

-haracteristic of the ersatz humidity condensate matrix shown in Figure 44c. To a somewhat

less-" extent, similar features are evident in the ersatz urine distillate matrix spectrum given i,

Figure 4.4d.

Through a series of hasty calibration experiments, it became clear that the disparate

matrix absorbance characteristics of the four RMCV challenge streams under investigation

required that four separate calibrations of the diode array spectrophotometer be undertaken,

one for each subject matrix. It was also determined that the method of Burger and

Liebhafsky 74 as applied by Schultz et al. 374-376 was not przctical for the on-line monitoring

requirments of the RMCV test program. In this method absorbances at wavelengths of 288

URC 80356 4- 6



nm, 350 nm and 460 run are measured, 12 ana 13- concentrations are calculated by

simultaneous solution of a system of linear equations, and I- concentration is determined

indirectly from the equilibrium expression using the calculated 12 and 13- levels, While an

excellent method for aqueous streams such as DI water in which the iodinated species are the

primary, contaminants absorbing in the 200 rma - 600 am 3. region, the method presents too

manydifficulties in terms of maintaining separate calibrations for each of the Ibur subject

matrices, particularly in light of the then unknown effects of lon_ term instrument dfi_ and

other factors attributable to prolonged periods of unattended continuous ol_eration.

Instead, it was decided to use an adaptation of the methods used by Walsh et al.424

and by Dougherty et aI. 116 for long term continuous iodine monitoring in a flow-through

situation, namely monitoring the absorbance in the 460 nm region relative to the baseline at

longer wavelengths, to correct for matrix effects and to correct for the effects of the presence

of variable quantities of I-. In addition to this, we found that an approximate iodide value can

be obtained using the 228 nm _. region calibrated for both 12 and I-. By using the known 12

concentration derived from the 460 nrn wavelength, the absorbance attributable to 12 at 228

nm can be subtracted. The resulting difference between the corrected absorbance at this

waveleegth and that of the pure non-.iodinated matrix blank is then attributable to the presence

of I'. At the low mg/L iodine concentrations of interest to the iLMCV development program,

13" values are extremely low and can be ignored.

For the purposes of practicality and also for the purposes of facilitating direct

comparison of iodine data generated in the RMCV development work with the historical body

of MCV related iodine data, it was decided to adopt the iodine speciation eonventior_ implicit

to the leuco-crystal violet (LCV) colorimetric analytical methodology85 In this technique, 12

concentration is determined directly, and total I concentration is determined after oxidation by

oxone. I" concer, tration is calculated as the difference between total I and 12. The results

obtained in fi;!s way are noI strictly correct as both 12 and I- concentrations are equally

URC 80356 4 - 7
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Figure 4.4 Lrv-vIS Spectra of RMCV Challenge Solution Matrices.

UR.C 80356 4 - 8



I

!

I

f

1

I-
t

t

diminished on a molar basis by the amount of 13" present. Also, this approach ignores the

effects of hydrolytic dispreportionation reactions resulting in the formation of other e,queous

iodine species such as hypoiodous acid (HOI) and iodate (103-)

Both the kinetics and equilibfiam &these hydrolysis reactions are examined in detail in

Section 7 of this report. The results indicate that, at the pHs of the challenge solutions, and

considering the elapsed times between addition of 12 to the challenge streams at the MCVs

and the analyses at the diode array spectrophotometer, the errors introduced by failure to

consider other aqueous iodine species are not significant.

4.2 Calibration.

Each of the diode array spectrometers were calibrated prior to initiation of on-line

monitoring. Once continuous operations had been irritated, periodic calibration checks by the

LCV colorimetric method were used to maintain calibrations during periods of uninterrupted

operation. The frequency of calibration checks varied between daily and bi-weekly, whh the

frequency diminishing with time. The RMCV.EXE program was designed to accomodate on-

line entry of quadratic recalibration factors for each of the four RMCV challenge streams

w:,thout interruption &the autonomo_as test stand operation.

Initial calibrations of the diode array spectrometer were conducted us;ng series of

_dinated matrix solution standards spanning the absorbance range of the instr_,'nent for

sample cells of 1 era, 5 _ and 10 cm path-lengths. The aqueous standards were prepared

from a refrigerated 1,000 mg, fL "2 stock solution in absolute ethanol. The stock solution was

prepared using re-sublimed crystalline elemental iodine. The stability of this stock solution

was confirmed by periodic LCV colorimetric analyses and further confirmed by thiosulfate

titrations.

The resulting values for concentration versus absorbance ordered pairs were fitted to

polynomials of appropriate degree by the method of least squares (L2) and the goodness of fit

URC 80356 4- 9
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.judged by the correlation coefficient (r2) 384. The calibration coefficients thus derived were

then embedded in software controlling the appropriate RMCV test stand.

Experience in our labora,'ory has shown that at least some denatured ethaJ_o_ic 12

solutions are unstable. Such is the case when methyMsobutyl-keto_te (MIBK) is used, as a

denaturant. 12 concentrations made up using tiffs type of denatured ethanol rapidly decay by:

(ee.0 z-c.-enz-_- ee3 z2
O -HI

"r

(e.3) r ea-_.-c-ee3

o

Tiffs problem is easily avoided by the use &absolute ethanol.

(Eqn. 4, 1)

4.2.1 Ersatz Reclaimed Potable Water,

The initial calibration experiments were carried out in DI water, representing the ersatz

reclaimed potable water RMCV challenge stream. It was determined that for our system 3. =

464 nm, 4 nm upscale from the abzorbance maximum, was most suitable for monitoring

aqueous 12 concentrations. This finding is in close but not exact agreement with a previous

study which concluded that the 466 run wavelength was optimal 424

The series of spectra acquired for calibration ofthe 1 cm path-length cell and the

resulting calibration curve are shown in Figures 4.5a and 4.5b respectively. The calibration

curve is linear for the concentration range between of 0 - 200 mg/L and yields an r2 value of

0.9989 indicating good corTelation. Similar spectra and calibration curves for the 10 cm path-

length cell are given in Figure 4.6

l
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4.2.2Ersatz Reclaimed Hygiene Water.

The situation becomes somewhat more complex when matrices olher than DI water

are analyzed because the diode array spectrophotometer can only be zeroed with a single

instrument blar:k All subsequent measurerr, cnts made by the instrument _re rela_,,,e tc t_-,is

initial instrument blank, In situations in which the spectrophotometer must quanti_ [2 !eve[s

in multiple matrices, DI water is the obvious choice for the instrument blank. However, in

cases such as with certain parametric tests or kinetics experiments m _.hich only a single

matrix is to be morfitored, it is desirable to use the subject matrix to zero the instrument

Spectra and resulting 12 calibration curves for the 10 cm path-length cell are shown in Figures

4.7 and 4.8 for measurements made against a DI water and an ersatz reclaimed hygiene water

instrument blank respectively.

4.2.3 Ersatz ltumidity Condensate

As the most chemically diverse of the RMCV challenge streams, ;.his matrix exhibits

the most intense and complex LFV'-VIS absorption spectrum Correspondingly, the spectra

collected using a DI water instrument blank are dramatically different from those collected

against the matrix instrument blank in the k _< 200 nm region. Calibrations for tb,_ I cm

pathlength cell are shown in Figures 4_9 and 4,10 against a DI water and the matrix blank

respectively. Calibration of the 5 cm path-length cell against a matrix instrument blank is

illustrated in Figure 4.11. Figures 4.12 and 4.13 represent the calibrations of the 10 cm path

length cell using a DI water blank and a matrix blank respectively.

4.2.4 Ersatz Urine Distillate

The contrasts between spectra collected with DI water and matrix instrument blanks

for the ersatz urine distillate RMCV challenge stream are similar in scope to those of the

ersatz humidity condensate matrix, and more pronounced than those of the two other

brRC 80356 4 - 13
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matrices. Calibration tbr the 5 cm path length ce!i derived using a matrix instrument blank is

presented in Figure 4.14 Figures 4 15 - 4.16 illustrate calibrations for this PdviCV challenge

stream arising from DI water and matrix instrument blanks respectively,

4.3 Long Term ILMCV Life Cycle Tests.

For the diode array spectropho,omete_ serving the long term RMCV life cycle testing,

the initial calibration factors derived by the methods outlined above were embedded in the

RMCV.EXi_. master control program prior to commencement of system operation. Frequent

calibration checks via the LCV method resulted in periodic recalibrations of the instrument by

keyboard entry of quadratic calibration coefficients, without interruption of system operation,

augmented by hard coding of new factors into software during periods of shutdown for

challenge solution make up and routine maintenance.

The diode array spectrophotometer serving the long term life tests was the only

instrument calibrated for the iodide anion The initial I- calibration was established by first

determining the separate relationships between concentration and absorbznce for !-and 12 at

the 228 ram wavelength for the 10 cm pathlength cell. These relationships for the DI water

matrix are illustrated in Figure a.17a and 4.17b for l- and 12 respectivelj. After 12

concentrations are calculated using absorbance at _. = 464 nm, the equivalent absorbance

attributable to 12 at _ = 228 nm is subtracted from the total absorbance at this zvavelength.

The net absorbance at _. = 228 nm is then used in the calculation of iodide. Matrix absorbance

at the 228 .,amwavelength is significant for both the ersatz humidity condensate and the ersatz

urine distillate. The validity of the above procedure requires that matrix effects at this

wavelength remain constant. Experience has shown this to be the case throughout the long

term tLMCV life cycle tests.

The accuracy of the calibrations of the instrument for iodide was checked by both the

LCV colorimetfic method and by use of a solid s_ate iodide selective electrode. Due to the

URC 80356 4 - 24



1.01

,_i

E

Z

_o

ABSORBANCE (:228nm_

a) Iodide at 228 nm - [I-] mg/L = 9.8142 A228 - 0.0009

r2 = 0.9966

4.0[,,, i -! ! _"+-7

3.0

_._k.......!........:.......!...........J...._ .......i........i.......
i" : ;

2.0
. !---.. ---_........ _........ ; .........

,.=_.......i........_---:X......_........i........i........i........-

o.=_l:_ .....:.................i.................i................
o.o i ...... :.,,i

0,0 0.1 0.2 0.3 0.4- D.5 0.6 0.7 0.8

ABSORBANCE (22Bnm)

b) Iodine at 228 nm - [i2] mg/L = 5.51 A228 - 0.0079

r2 = 0.9998

Figure 4.17 Iodide and Iodine at X = 228 nm - DI Water Matrix

URC 803 f,6 4 - 25



complexity of the iodide calculationat technique, adjustments to tl-e calibrations for this

parameter were made only by hard coding into soft. ;are during times of system shut-down,

In the early stages oft,he long term tU_,ICV life cycle test, frequent recalibrations were

required At the same time it was noted that a gradually increasfitg dull yellow-brown

coloration was associated with the slow bui',d up of adsorbed iodine on the inner surfaces of

the spectrophotometer cell In this context it seemed apparent that this sorption phenomenon

was responsible for the frequent recalibrations due to the concomitant changes in the

transmissive properties of ,he optical quartz. The adsorbed iodine was removed with

difficulty by dissolution in polar organic solvents such as acetone, ethanol or methanol.

Experienced proved that att.empts to maintain cell cleanliness were counterproductive. The

transition from no visable coloration on the cell surface to visable coloration required almost

daily re-calibrations. However, after approximately two weeks of operation without cell

cleaning, the level of adsorbed iodine equilibrated and stable calibrations could be maintained

fbr several months. Afterward, less frequent reealibrations were dictated by the slow loss in

intensity of the deuterium source lamp.

Over the course of the roughly eighteen month history' of the long term life cycle tests,

the diode array spectrophotometer proved itself to be remarkably robust. In this time of

nearly continuous operation only two major instrument malfunctions occured. The first was

the failure of the deuterium lamp powe_ supply, the second was the failure of the deu:erium

lamp. Fertunately, parts from the second diode array spectrophotometer serving parametric

and kinetics tests could be sacrificed to keep the long term tests operational while repairs were

being made.

4.4 Parametric RMCV Tests.

The diode array spectrometer serving the second RMCV small column test stavd

devoted to parametric tests was calibrated variously for 1 cm, 5 cm, and 10 cm path-.leng_h

LrRC 80356 4 - 26
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cells depending upon the concentration ranges encountered for the different experiments. The

parametric studies were limited to the ersatz reclaimed potable water and ,he ersatz humidity

condensate challenge streams, correspondir, g to ;.he simp'est and the most chemically complex

of the contaminant m ° "atnce.,

4.5 Kinetic Studies.

Kinetic studies were undertaken to characterize the rates and reactions cf 12 decay in

ersatz humidity condensate and ersatz urine distillate. For the purposes or these tests

calibrations of the 5 cm path-length celi were used tbr both _-,_trice_ in the concentration

range between 0 and 20 mg/L of 12.

The spectrophotometer cell was thermally insulated and jacketed with a ceil of tubing

connected to a temperature control circuit as illustrated in Figure 4.18. The circuit consisted

of a pump as a source of flow, a constant temperature bath centaiNng water at the desired

temperature and connected to tubing coils surrounding the spectrophotorneter cell, an outer

insulation layer for the cell, and a K-type then, 'couple mounted at the cell and connected to a

Newport model 269-D1 digital therrv:-couple thermometer, inter-f,aced by RS-232C

asynchronous serial data iink to the controlling cemputer Temperature regulation within the

cell was ± 1 oC.

4.6 Prototype ILMCV.

The second diode array spectrophotometer which was dedicated to parametric and

kinetics experiments has also played an important role in the development of the prototype

RMCV. At the beginning of prototype RMCV operation, the diode array spectrophotometer

served as the system on-line iodine monitor, communicating with the RMVL' system

microcontroller by serial RS-232C data link. The spectrophotometer was kept on-line during

:he initial evaluation period for the PCWQM Iodine Bench as system monitor After the

URC (_0356 4 - 27
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PCWQM Iodine Bench was judged satisfactory, the diode array spectrophotometer was taken

off line. It served again as the on-line iodine monitor while the Iodine Bench was re-fitted

with ele_ztronic control elements confbrmable w_th inclusion in the t_RMt..V.'-""

l
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5.11 Overview.

For the purpose of determining the regenerable lives of RMCVs when challenged with

a variety of contaminant streams, small column scale tong term life cycle testing was

conducted fbr a period of approximately eighteen months. Four tLMCVs, each consisting of

an MCV containing 2.5 cm 3 of iodinated anion exchange resin, and a 10 cm 3 bed of solid

state elemental iodine, were incorporated into the RMCV Life Cycle Test Stand. The design

and operation of the fully autonomous computer controlled test stand is presented in Section

2.

Four challenge streams were selected: ersatz reclaimed potable water, ersatz reclaimed

hygiene water, ersatz humidity condensate, and ersatz urine distillate. These four challenge

streams were used as influent for the units designated as RMCV-1, RMCV-2, RMCV-3 and

RMCV-4 respectively. The chemistry of the challenge solutions is presented in Section 3. The

respective feedstocks were prepared in bathces and stored in 190 L tanks. A flow rate of

approximately 12.0 cm3/min was established and maintained for each unit. This corresponded

to a residence time within the MCV of approximately 0.21 minutes, and to a residence time

within the 12 cry, stal bed of approximately 0.82 minutes. (Residence times are discussed in

greater detail in Section 6.) The small MCV volume _d short MCV residence time were

chosen to maximize the potential number of regenerations within the eighteen month

performance period. Flow histories through the ILMCVs were recorded as liters of flow per

cm 3 of ion exchange resin, and abbreviated as L/cm 3 or as I.Icc.

A desired operational 12 concentration window of 4.00 mg/'l_, - 2.00 mg/L was

specified for each RMCV. Regenerations were invoked when the residual 12 levels dropped

below 2.00 mg/L. Regenerations were intended to raise the MCV resin 12 loadings

sufficiently to re-establish washout at 4.00 mg/L. During regeneration, 12 concentrations in

the regeneration liquor were initially at saturation levels of approximately 300 rag/L, but

quickly stabilized at lower levels ranging between 200 - 225 rag/L, once flow through the

URC 80356 5-2
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crystal bed was established. The 12 levels in each RMCV effluent were determined in real-

time by UV-VIS absorption spectrophotometric techniques using the photediode array

:;pectrophotometer, Analytical techniques and ca!ibration procedures for this instm;nent are

d.,,a,led in Section 4

Following an intial shakedown period that spanned the first 200 L'cm 3 of throughput,

continuous unattended operation was achieved and maintained. The system was shutdown

aprroximately bi-weekly for routine maintenance and renewal of the RMCV challenge

solutions. Otherwise, the system ran continuously for approximately eighteen months, with

three of the four RMCVs totalling throughputs in excess ef 2,500 L/cm 3. The system proved

to be remarkably robust, undergoing a minimum of unscheduled down time. The life cycle

test tfistories for each of the four RMCVs are summarized in Table 5.1. and presented in de: ail

below.

Table 5.1 RMCV Life Cycle Test Results Summary.

Parameter

v.. Throughput

Cycles

I2 Washout

I- Washout

Average I2 Concentration

_" Concentration

Average pH

Ave. Cyclic Throughput

Average Flow Rate
i

i

Units

L/cm 3 '

mg I
I

mg

, mg[L ,,

L/cm 3

cm3/min

Ersatz

Reclaimed

Potable

Water

2556

167

20,021

445

3_13

0.07

Ersatz

Reclaimed

Hygiene
Water

2393

312

37,208

t 833

m, i

Ersatz

Humidity
Condensate

2533

218

19,365

2,330

3.06

0.37

5.96 5.88 3.43

16.49 [ 7.67 11.62

1i.80 11.35 11.81

ErsatzUrine

[Distillate

2611 -

176

18,217

4,725

2.79

0.70
3.80

14.84

11.86

t

i
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5.1 RMCV-I: Ersatz Reclaimed Potable Water.

The RMCV serving the ersatz reclaimed potable water challenge stream was

designated as RMCV-1. During the course of the long term life cycle testing this unit

accumulated 2,555.6 Ltcm 3 of total th:oughput The average pH of the MCV effluent was

6.0. In excess of 20 grams of 12 were _mparted to the challenge stream at an average

concentration of 3.13 mg,q_. RMCV-1 experienced 167 cycles of washout and regeneration,

with cyclic throughputs varying from 20 L'cm 3 per cycle to 10 L/cm 3 per cycle, f,_r an

overall average cyclic throughput of 16.5 L/era 3. Using a typical expendable MCV design

value of 20 L/cm 3, this constitutes a 128 fold extension of MCV life.

The life cycle test histories for RMCV-1 are shown in Figures 5.1, 5.2, 5.3, 5.4, 5 5,

and 5.6, which present the first, second, third, fourth, fifth, and sixth 500 L&m 3 increment of

flow history respectively. These figures present RMCV effluent 12 and I- concentrations, pH,

conductivity,, and flow rate as functions of cumulative throughput. Regenerations are

depicted as transient spikes of high elemental iodine concentration. These transient spikes are

attributable to residence times optimized for a maximum number of regenerations during the

!ire cycle test program and have been eliminated in the design cf the prototype RMCV.

During the shakedown period, corresponding to the first 200 L_cm 3 of throughput,

RMCV-1 exhibited erratic behavior. Once system hardware and software were debugged,

stable operation, interrupted by only occasional system upsets, was achieved. Regenerations

were given a _nimurn duration of 40 minutes, after which regeneration was terminated by an

12 concentration greater than 10 mg/L At approximately 455 L/cm 3, RMCV-I over-

regenerated due to a disruption of flow to the on-line 12 monitor. To prevent recurrence, a

maximum regeneration time of 120 minutes was coded into the RMCV.EXE master control

program.

The predonfinant trend which became evident with the increase in cumulative flow

through RMCV-I was the gradual lessening of the cyclic throughput. By approximately 1200

URC 80356 5 - 4
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L/cm 3 cyclic throughput had di_rfinished to 12.5 L'cn. 3, and al_erward ranged between th;s

value and a minimum of I0 L/cm 3. At approximately 1950 L/cm 3 of cumulative flow, the

12 crystal bed, having beer, severei3 depleted, was replaced with l0 cm 3 of crystalline 12 This

resulted in ,_ st_:-_i_cant increase in the cyclic throughput. At approximately 2110 L/cm 3

another o "_.rore_,enera_ion occured due to loss of flow to the on-line 12 monitor. The

regeration was terminated when the maximum time condition had been fialfilled. Iodine

concentrations between 2300 - 2370 L/cm 3 were not recorded due to operator error. Flow to

RMCV-1 was terminat_,d at 2555.6 L/cm 3.

Cyclic throughp at, cyclic 12 depletion, and cyclic I- depletion refer to the cumulative

flow, cumulative e(emental iodine loss from the MCV, and the cumulative iodide loss from the

MCV for a given RMCV cycle of washout and regeneration. The values of these parameters

for RMCV-1 versus cycle number are illustrated in Figures 5.7, 5.8, and 5.9 respectively.

Considerable scatter of the data is evident, a!though trends are clearly discernable. Cyclic 12

depletion correlates well witJ_ :he observed trend in cyclic throughput. In the early stages of

RMCV-I's flow history, corresponding to 18-20 L/cm 3 of throughput per cycle,

approximately !80 mg 12 were los: from the MCV resin during one complete cycle. 12

depletion per cycle dropped to approximately 100 mg with the fal_ in cyclic throughput to the

10 L/era 3 level, and then rose to the 140 mg level following replacement of the iodine crystal

bed. No trends are evident in the depletion of !'. MCV resin 12 depletion and throughput

during the regeneration phase cf I_MC'V operation versus cycle number are illustrated in

Figures 5.10 and 5. i 1 respectively.

5.2 RMCV-2: Ersatz Reclaimed Hygiene Water.

The RMCV serving the ersatz reclaimed hygiene water challenge stream was

designated as RMCV-2 This unit accumulated 2,393.6 L/cm 3 of total throughput. The

average pH of the MCV eftluent was 5.9. More than 37 grams of 12 were imparted to the

h,
URC 80356 5-11
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Figure 5.11 Cyclic Throughput During Regeneration - Ersatz Reclaimed Potable Water

challenge stream at an average concentration of 6.22 mg/L. _MCV-2 experienced 312 cycles

of washout and regeneration, with cyclic throughputs varying from 20 L/cm 3 per cycle to less

than 1 l.,/cm 3 per cycle, for an overall average cyclic th, "_ughput of 7.67 L/cm 3.

The life cycle test histories for RMCV-2 are showL _n Figures 5. i 2, 5.13, 5.14, 5.15,

and 5.16, which present the first, secona, third, fourth, and fifth 500 L-cm -3 increments of

flow history respectively

During the shakedown period, corresponding to the first 250 L/cm 3 of throughput,

RMCV-2 exhibited erratic behavior. Once system hardware and sot_ware were debugged,

stable operation was achieved. System upsets occured with g_eater frequency for this

challenge stream than for any other. These were usually manifested in the form of low flow

rates and correspondingly high back pressures c_sed by accumulated particulate matter in the

glass wool at the inflow face of the MCV. This also occ __;_,nally caused the partial or

URC 80356 5 - 14
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complete loss of flow due to leaks.

For RMCV-2 regenerations were given a minimum duration of 50 minutes, after which

regeneration was terminated by an ! 2 concentration greater than t0 mg/L,. At 120 minutes

regenerations were r_rogrammed to terminate irrespective of the effluent 12 concentration.

This feattlre was never invoked in the control oflLMCV-2

The shortening of cyclic throughputs and the corresponding increase in frequency of

regeneration with the passage of time is more evident for ',he RMCV serving _he ersatz

reclaimed hygiene water challenge stream than for any other. By approximately 11350 L/cm 3,

cyclic throughput had diminished to between 5 - 7 L/cm 3, and then Farther decreased to less

than 1 D'cm 3 after 1720 IJcm 3 of cumulative flow. This drastic reduction in cyclic

throughput corresponded to the depletion of the 12 crystal bed which was re-packed with 10

cm 3 of crystalline 12 at the 1770 U_cm 3 mark. Cyclic throughputs of 6 - 7 Llcm 3 resulted.

At approximately 1950 L/cm 3, an experiment was conducted on RMCV-2 testing the

hypothesis that the extremely ,high regeneration frequency noted for this unit is attributable to

loss of I" from the MCV resin anionic sites, caus;,ng a reduction in 12 loading capacity. A

single regeneration was conducted in which the 12 crystM bed was bypassed and a 1 g/L KI

solution was allowed to flow through tJ':e MCV at a flow rate of appreximately 10 cm3/min.

This attempt to replace lost I" was then followed by a conventional regeneration. For the 300

L/cm 3 of cum,.,lative flow following this experiment, cyclic throughputs in the range of I0 -

13 were exhibited. However, by the 2270 L/cm 3 mark the cycles had narrowed once again to

the 6 - 7 L/cm 3 range. Flow to RMCV-2 was terminated at 2393.6 L/cm 3.

Cyclic 12 depletion, cyclic I" depletion, and cyclic throughput versus cycle number are

illustrated in Figures 5.17, 5.i8, and 5.19 respectively. MCV resin 12 depletior_ and

throughput during the regeneration phase of RMCV-2 operation versus cycle number are

illustrated, in Figures 5.20 and 5.21 respectively.

The high average 12 concentration of> 6 mg/L in the MCV effluent is a direct

URC 80356 5 - 20
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consequent, of the extremely high ffequenc7 of regeneratiorts for this unit. While control of

12 levels to between 2.0 - 4.0 mg/L in the wg;shout phase of the cs/cle was genere.lly good, the

transient spikes of higher concentration encountered during regeneration contributed

proportionally more to the total cyclic 12 depletion than for any other challenge stream. As

will be discussed in greater detail in Section 6, this transient during regeneration is largeiy a

phenomenon of the residence time of the strong 12 regeneration hquor within the MCV resin

bed. Tl_e life history data indicate clearly that a greater MCV residence time is required to

achieve an acceptable level of tLMCV performance using the ersatz reclaimed hygiene water

as challenge solution.

5.3 RMCV-3: Ersatz, tlumidity Condensate.

The RMCV serving the ersatz humidity, condensate challenge stream was designated

URC 80356 5 - 23
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as RMCV-3. During the course of the long term life cycle testing this unit accumulated

2,533 L/cm 3 of total throughput. The average pH of the MCV _,_m..uent was 3.4. More than

19 grams of 12 were transfered to the challenge stream at an average concentration of 3.06

mg/L. RMCV-3 went through 218 cycles of washout and regeneration, with cyclic

throughputs varying from 15 L/cm 3 per cycle to 5 L/cm 3 per cycle, for an overall average

cyclic throughput of 11.6 L/cm 3. Using the MCV design value of 20 L/cm 3, this constitutes

a 126 fold extension of MCV life.

The life cycle test histories for RMCV-3 are shown in Figures 5.22, 5.23, 5.24, 5.25,

5.26, and 5.27, which present the first, second, third, fourth, fifth, and sixth 500 L-cm -3

increments of flow history respectively.

The shakedown period tbr RMCV-3 lasted roughly 180 L/cm 3, after which stable

operation was achieved. Regenerations for this unit were given a minimum duration of 50

minutes, after which regeneration was terminated by an 12 concentration greater than 10

mg/L. At approximately 280 L/cm 3 RMCV-3 over-regenerated due to a disruption of flow to

the on-line 12 monitor. Subsequently, a maximum regeneration time of 120 minutes was

coded into the RMCV.EXE master control program for this unit.

As with the other RMCVs, the predominant trend with increasing cumulative flow was

the gradual lessening of cyclic throughput. Significantly, from the outset the RMCV serving

the ersatz humidity condensate exhibited a higher frequency of regeneration than those of the

other challenge streams. Also the decrease in cyclic throughpL, t was less pronounced than that

of other streams, becoming most significant at the 1100 L/cm 3 mark. In conjt, _etion with the

increased frequency of regeneration noted at this time, was also the observed presence within

the MCV resin bed of particulate m_,_ter which created back pressure sufficient to make the

Tygon tubing bulge. At 1300 L/era 3 of cumulative throughput, RMCV-3 was taken out of

service and the particulate matter removed by rinsing with DI water. The RMCV was placed

back in service with an immediate corresponding increase in cyclic throughput from 5.5

URC 80356 5 - 24
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L/cm 3 to approximately 14 L/cm 3.

By 1900 L/cm 3 the cyclic throughput had once again narrowed to 6 - 8 L/cm 3 due to

depletior of the iodine crystal bed. Replenishment of the crystal r,*d with 10 cm 3 of iodine

resulted in an irrunediate lengthening of the washout period and a corresponding reduction in

regeneration frequency. Iodine concentrations between 2255 2325 L/cm 3 were not

recorded due to operator error. Flow to RMCV-3 was terminated at 2533..05 L/cm 3.

Cyclic 12 depletion, cyclic I- depletion, and cyclic throughput versus cycle number are

illustrated in Figures 5.28, 5.29, and 5.30 respectively. MCV resin 12 depletion and

throughput during the regeneration phase of P_MCV operation versus cycle number are

illustrated in Figures 5.31 and 5.32 respectively. Cyclic 12 depletion correlates well with the

observed trend in cyclic throughput. Three maxima in both cyclic throughput and cyclic 12

depletion correspond to the initial MCV state, improved performance following removal of

particulates from the MCV, and improved performance following re-loading the iodine crystal

bed.

Additionally, with the RMCV serving the humidity condensate challenge stream,

significant washout ofl" is exhibited. A total of approximately 2.3 grams of I- was lost from

the MCV during the life cycle tests, for an average concentration of 0.37 mg/U In large part

this is due to the oxidation of formic acid by molecular iodine. This topic is treated in detail in

Section 7. Inspection of Figure 5.30 reveals that cyclic I" depletion correlates well with both

cyclic throughput and cyclic 12 depleiion. The higher natural frequency of regenerations

exhibited by this RMCV may be in large part due to the additional mechanism for removal of

12 from the system by reduction to I".

5.4 RMCV-4: Ersatz Urine Distillate.

The RMCV serving the ersatz urine distillate challenge stream was designated as

RMCV-4. This unit accumulated 2,611.7 L/era 3 of total throughput, a value higher than

URC 80356 5-31
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that of any other RMCV. The average pH of the MCV effluent was 3.8. More than 18 grams

of 12 were imparted to the challenge stream at an average concentration of 2.79 mg/L

.RMCV-4 operations totalled 176 cycles of washout and regeneration, with cyclic

throughputs varying from 20 L/cm 3 per cycle to 7 L/cm 3 per cycle, for an overall average

cyclic throughput of 14.8 L/cm 3. Using the MC_v design value of 20 L/cm 3, this consitiues a

131 fold extension of MCV life.

RMCV-4 presented the least operational difficulty of any of the RMCVs. This is

evident from examination of the life cycle test histories shown in Figures 5.33, 5.34, 5.35,

5.36, 5.37, and 5.38, which present the first, second, third, fourth, fifth, and sixth 500 L-cm 3

increments of flow history respectively.

The shakedown period for RMCV-4 lasted roughly 230 L/cm 3, after which stable
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operation was achieved. Regenerations for this unit were given a minimum duration of 60

minutes, after which regeneration was terminated by an 12 concertration greater than 7 mg/L.

With ILMCV..4, the decrease in period between regenerations with increasing

cumulative flow is less significant than for any of the other RMCVs. From the outset RMCV-

4 exhibited cyclic throughputs of approximately 17 L/cm 3, a value greater than for the initial

ersatz humidity condensate 0LMCV-3), but less than for the other two RMCVs Cyclic

throughputs diminished only slightly therafter. At the 1200 Idcm 3 mark cyclic throughputs of

10 - 11 L/cm 3 were observed. Clean-up of particulate matter as described above for RMCV-3

resulted in improved cyclic throughputs of approximately 14 L/cm 3. Reductions in cyclic

throughput to 7 ldcm 3 occured near the 1800 ldcm 3 mark which corresponded to depletion

of the solid state iodine crystal bed.

caused an immediate increase to

terminated at 26I 1.6 L/cm 3.

The addition of 10 cm 3 of iodine crystals at 1940 L/cm 3

approximately 12.5 L/cm 3. Flow to RMCV-4 was

Cyclic 12 depletion, cyclic I- depletion, and cyclic throughput versus cycle number are

illustrated in Figures 5.39, 5.40, and 5.41 respectively. MCV resin 12 depletion and

throughput during the regeneration phase of RMCV-4 operation versus cycle number are

illustrated in Figures 5.42 and 5.43 respectively. Cyclic 12 depletion correlates well with the

observed trend in cyclic throu_-bput.

Significant I- levels were also detected in the ILMCV-4 effluent. Az with RMCV-3,

this is largely due to the oxidation of formic acid by elemental iodine. This topic is treated in

greter detail in Section 7. Inspection of Figure 5.40 reveals that cyclic I" depletion correlates

well with both cyclic throughput and cyclic 12 depletion.

5.5 Conclusions.

Clearly the small column scale long term life cycle testing has demonstrated the

potential t'or greater than a one hundred fold life extension of MCVs using the regenerative
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MCV technology. As an example, application of the 131 fold life extension exhibited by

RMCV-4, to the Space Station Freedom MCV baselined for a 90 day life, indicates that a

single RMCV could be designed to function without replacement for the entire 30 year life of

the space station. This would eliminate the requirement for replacement of 120 MCVs, _th

the concomitant savings in astronaut manhours and resupply expendables.

While all four RMCVs continued to function for the duration of the long term life

cycle tests, several potential mechanisms of performance deterioration have been identified.

The accumulation of particulate matter, believed to be remnants of dead microorganisms, such

as was observed with the RMCV receiving ersatz reclaimed hygiene water challenge solution,

can cause problems by both occlusion of ion exchange sites on the surface of the MCV resin

/
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andby the restriction of flow channels, resulting in a high pressure drop across the resin bed.

The indication of degraded RMCV performance is a diminution of the cyclic

throughput. To a greater or lesser extent this phenomenon was indicated in all four of the

RMCVs under study. At least two causitive t_ctors seem to be in operation. One is the slow

replacement of I- at the anion exchange sites, resulting in the decrease in loading capacity of

the resin for 12. This was indicated by the experiment performed on RMCV-2 in which partial

improvement in performance was obtained by flowing a strong KI solution through the resin

bed. However, that the improvement in performance was limited, indicates that another

mechanism of resin degradation, such as loss er blockage of ion exchange sites, is also in

operation.

The life cycle test results al-o clearly indicate the increase in regeneration frequency

attributable to the diminishing 12 concentrations in the regeneration liquor as the solid state 12

crystal bed nears the end of its u_ful life. This is a direct consequence of the decreasing

residence time of the challenge solution within the crystal bed and will be discussed in greater

detail in Section 6 which follows.

t .

[-

I

lg___
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6.0 Overview.

A program of testing has been conducted _o ident;fy the primary variable parameters

which are responsible for the operational characteristics of the RMCV, and to determine the

optimal values of these variables necessary to achieve maximum RMCV system performance.

The second RMCV test stand, designated variously as the Accelerated Test Stand, and the

Para;netric Test Stand, was dedicated to these studies. The design and operational features of

the test stand have been presented in Section 2. The information obtained via the parameteric

test program has been applied in the design of the prototype RMCV which is discussed in

detail in Section 10. A variety of tests were conducted. Since the expendable MCV is a fully

developed and well understood technology, parametric testing focused specifically on the

regeneration operation. The two factors of primary importance to the regeneration process

are the residence times of the challenge solution within the MCV and within the bed of 12

crystals. In accordance with the convention adopted for MCV development, residence time

(tr), or open bed contact time, is taken to mean the ratio,

cm 3

cm 3 - tr rain. (Eqn. 6.1)_
Q_

min.

where V b is packed bed volume and Q is flow rate. No attempt was made to determine bed

porosities or fluid volumes within the interstitial spaces between ion exchange resin beads or

12 crystals. Residence time experiments were conducted using room temperture er_tz

reclaimed potable water and 1.7 oc ersatz humidity condensate, representing the two

extremes of chemical complexity.

The particle size distribution of the cryaalline 12 used in the preparation of packed

crystal beds was determined. Packed beds were then prepared in narrow crystal size ranges

URC 80356 6-2
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and their dissolution behavior studied as functions of residence time and throughput. In

addition to optimization of the crystal bed design for maximum regeneration efficiency,

another goal of these experiments was to determine the operational requirements tbr

production of high levels of aqueous 12 for possible use in microbial decontamination external

to the RMCV.

Some additional experimentation was performed which was less directly related to

prototype RMCV development. Tests were conducted investigating the performance of the

small column RMCVs with non-buffered challenge solutions of varying initial pH, ranging

from pH = 2 to pH = 10. Also, MCVs prepared from Amberlite 401S ion exchange resin

were evaluated for a short period using ersatz reclaimed potable water, ersatz reclaimed

hygiene water, ersatz humidity condensate, and ersatz urine distillate challenge solutions.

6.1 Residence Time Experiments.

A series of tests were conducted in which the effects of varying residence times for

both the 12 crystal bed and the MCV were examined MCV resin beds of 2.5 cm 3 and 12

crystal beds of approximately 6.8 cm 3 were used. Residence times were varied by adjusting

the flow rate. The MCVs were first washed down to an effluent 12 value of approximately 2.0

mg/L. Regeneration was then invoked and the concentrations of 12 in both the crystal bed

effluent and the MCV effluent were recorded as functions of throughput. MCV effluent 12

levels were determined using the diode array spectrophotometer in its normal mode of

operation as the test stand on-line iodine monitor. 12 levels in the crystal bed effluent were

monitored by the LCV method, using 200 ILL samples withdrawn from the in-iine sample

port.

The test results for the ersatz reclaimed potable water stream are given in Figures 6.1,

6.2, 6.3, and 6.4, corresponding to the MCV residence times of 0.203, 0.212, 0.294, and

UP,.C 80356 6 - 3
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0.446 minutesrespectively,and correspondingto 12 crystal bed residence times of 0.533,

0.577, 0.801, and 1.216 mir, utes respectively. Each of these figures t;resents, from top to

bottom, plots of crystal bed effluent 12 versus throughput, MCV effluent 12 versus

throughput, and total MCV 12 loading versus throughput. Figures 6.5, 6.6, and 6.7 present

the test results for the ersatz humidity condensate stream vfith MCV residence times of 0.198,

0 202, and 0379 minutes respectively, and 12 crystal bed residence times of 0,640, 0.649,

and 1.032 minutes respectively.

For the ersatz reclaimed potable water stream, the crystal bed effluent 12 levels

approach saturation as the residence times increase above 1.0 minute This is in marked

contrast to the beha,Aor exhibited by the RMCV serving the ersatz humidity condensate

challenge stream, where lower crystal bed effluent 12 levels are consistently observed. With

the ersatz humidity condensate, the initial state of the regeneration liquor shows 12 levels near

saturation values. However upon initiation of the regeneration event, 12 levels fall rapidly to

lower values which then remain relatively, eonstant. The trend of increasing concentration

with increasing throughput, is evident, but to a lesser extent than with th, _ ersatz reclaimed

potable water. The _ower 12 levels may in pax be due to the chemi.cal composition of the

ersatz humidity condensate, but are largely attributable to the lowec temperature of this

challenge stream. 12 values are initially high when static challenge solution bathes the iodine

crystals at room temperature, but as soon as 1.7 oc solution flows through the bed, 12 values

drop due to the lower solubility of iodine in the aqueous medium at this temperature, and due

to the slower kinetics of dissolution.

The trend seen for the MCVs ser,Ang both challenge streams is similar. With MCV

residence times &approximately 0.2 minutes, 12 levels of 8 - 12 mg/L are seen early in the

regeneration process. This corresponds to the behavior seen at this residence time in the long

term life cycle RMCV tests. As the residence time increases, effluent 12 concentration lessens

during regeneration, until at residence times of approximately 0.4 minutes r,onnai 12

URC 80356 6 - 8
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values are attained. For ersatz reclaimed potable water, the relationships between 12

concentrations in the regeneration liquor and in the MCV effluent versus residence time are

illustrated in Figure 6.8 a and b respectively. The linear proportionality between MCV 12

loading rate and MCV residence time is shown in Figure 6.9.

6.2 Iodine Crystal Size Experiments.

Experiments were conducted to determine the influence of iodine crystal size on the

efficiency of the MCV regeneration process. The size distribution of the iodine crystals used in

the preparation of the regeneration beds was determined by sereerring, using U.S. Standard

Mesh sieves. The results are shown in Figure 6.10. The predominant size fraction occurs

between 600 - 850 It and consitutes approximately 25 % of the crystal mass. Next in

importance are the 850 - 1180 It, and the 1180 - 2360 Ix fractions which represent

approximately 20 % and 18 % of the crystal mass respectively. Only a few percent of crystals

are greater than 2360 It. Less than 8 % ofclystals are smaller than 300 _..

Crystal beds were prepared from those particle size fractions having sufficient mass.

Effluent 12 concentrations were then determined over a series of residence times using the

ersatz reclaimed potable water challenge stream. Residence times were varied by flow rate

adjustment. 12 concentrations were determined in real time using the diode array

spectrophotometer fitted with a 1 cm path length flow cell. Once the residence time

relationships were established, constant" flow at a residence time between 0.4 - 0.5 minutes

was maintained until the crystal beds were depleted.

The aqueous 12 concentrations in the crystal bed effluent versus throughput and the

cumulative 12 depletion versus throughput are shown in Figures 6.11, 6.12, 6.13, 6.14, and

6.15 for the 850 - 1180 It, 600 - 850 it, 425 - 600 It, 300 - 425 It, and < 300 It crystal size

fractions respectively. With the exception of the 300 - 425 It size fraction, the depletion

curves exhibit nearly constant effluent 12 concentrations of approximately 225 mg/L during
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the stable phase of crystal bed washout lasting between 25 and 50 liters of throughput. The

300 - 425 la crystal size fraction produced 12 levels of approximately 250 mg/L For each of

the fractions_ as the crystal bed neared ultimate depletion, the effluent 12 values dropped

sharply.

Figure 6.12 depicts a premature decline in effluent 12 concentration at approximately

25 liters throughput. This was the consequence of the formaticn of a bypass channel within

the crystalline iodine bed. The bed was repacked by gentle tapping on the glass column at 38

liters throughput. This caused the 12 concentration to immediately rise to expected levels. To

a lesser extent, the effects of assymetric bed dissolution caused by the formation of prefered

channels of flow can be seen in the other figures also.

remedied by gentle tapping on the columns.

For constant residence time, the relationship

In all cases these problems were

between average aqueous 12

concentration versus crystal size is given in Figures 6.16, 6.17, 6.18, and 6.19 fbr the

residence times of 1.0, 0.4, 0.2, and 0.I minutes respectively. Inspection of these data

indicate that with the exception ofthe largest particle size fraction, 850 - 1180 g,, the 12 values

are relatively independent of crystal size. 12 values for the largest crystal size fraction at

residence times less than 1.0 minute are significantly below that of the other size fractions.

Curves depicting the dependence of effluent 12 concentrations on residence time for

the particle size fractions 300 - 425 _t, 425 - 600 _t, 600 - 850 _t, and 850 - 1180 g are given

in Figures 6.20, 6.21,622, and 6 23 respectively. At very short, residence times between 0 -

0.2 minutes, large changes in effluent 12 values result from small changes in residence time.

The magnitude of this effect diminishes with increasing residence times. At residence times

above 1.0 minutes, e_uent concentrations trend toward constant levels independent of

residence times. In general, the smaller crystal sizes require less residenc_ time to achieve

equivalent concentrations of 12.

URC 80356 6 - 20



I

f

I-

i

1

I-
I
I

!.

J

--J

0"

E
v

O"

d

0",

260

240

1
230 L

220

21°I
200

Crystal Bed Residence Time: 1.0 minute

300 425 600
. A

850

Crystol Size (u)
1180

Figure 6.16 Aqueous 12 versus Crystal Size - 1.0 Minute Residence Time.

m

260

250
_,,.J

E 240

230
0"

_.,.J

d 220

n,-
210

2OO

URC 80356

Crystal Bed Remflenee Time: 0.4 minute

300 4;_5 600

Crysloi Size (u)

850
I

11_0

Figure 6.I7 Aqueous 12 versus Crystal Size - 0.4 Min. Residence Time

6-21



__(

CD

Cq

k.

O

Cr

._J

E

ED
Q)

250 -

240

230

220

210

200

190

Crystal Bed Residence Time: 0.2 minute

300 425 600

Crystol Size (u)

85O ! 180

Figure 6.18 Aqueous 12 versus Crystal Size - 0.2 Minute Res!dence Time.

J

O'_

E

t'x4

rJ
._

-.3

.
t--

fE

230 -

220 -

210 -

200 -

!90

180

170

Crystal Bed Residence Time: 0.1 minute I

300 425 600 850 1 180

Crystol Size (u)

Figure 6.19 Aqueous 12 versus Crystal Size - 0. I Minute Residence Time.

URC 80356 6- 22



R

E

¢-

:6
0

0
f_
D
Cr

cr
_J

C
0

°_

f-

en

250

240

230

220

210

I-
e

0'

/
Q

2ooi
0.0 0.1

..--0

f j/--"

.... I , , , , I .... I .... I ,, ,, I .... I , , , , I , , , , 1 .... I , , , L I

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Residence Time (rain.)

Figure 6.20 300 - 425 p Crystal Bed Effluent versus Residence Time.

._

|-

I

I

I

[

250

E
v 240

IZ
.-
"0
0

_ 230
0

_ 220

.9

"_ 210

ID

n-

20O
0.0

URC 80356

/
O

/J
I , ! , I , _ I , 1 , I , I , I , 1 i |

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

Residence Time (rain.)

Figure 6.21 425 - 600 !_ Crystal Bed Effluent versus Residence Time.

6 - 23



....I

'-%.

r.2,

E
,.._..

S)

E

:'6
0

3

0
U

D

Cr

b
cr

._
.,_1

t-

O

7
U

C

25o F

240 t

L

230 t

220 i

210

200
0.00

//

/
J

0.25 0.50 0,75 1.00 1.25 1.50 1.75 2.00 2.25, 2.50

Res;dence T;me (min.)

Figure 6.22 600 - 850 _t Crystal Bed Effluent versus Residence Time.

i

25O

240

"" 230
£

_ 220

_ 210

g 20o
&:

190

180

URC 80356

S
i , L. 1 , i , , I .... I,,_Jl,, ll,,,,I .... t , , , , I , , , , I .... I

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50

Res;dence T;me _'min.)

Figure 6.23 850 - l 180/a Crystal Bed Effluent versus Residence Time.

6 - 24



None of the crystal bed effluent 12 concentrations monitored during the crystal size

experiments yielded the high .>_300 mg/L levels encountered during the residence time tests_

Significar_tly, the two sets of test results were obtained by strikingly different sampling and

analytical methodologies. During the residence time experiments, the test stand diode array

spectrophotometer was dedicated to monitoring the low levels of 12 in the MCV effluent. The

high levels of 12 produced by the crystal beds were of necessity determined by the LCV

colorimetric method, using individually collected 200 gtL samples. In the crystal size series of

experiments crystal bed effluent 12 concentrations were continuously tracked by the on-line

diode array spectrophotometer, using a 1 cm path length cell.

The discrepancy between the two sets of data is most probably due to a co,nbination

of sampling and analytical method bias associated with the LCV iodine determinations. While

the trends delineated by the first series of crystal bed residence time experiments are

representative, the ab._lute magnitude of the reported 12 values are biased high. The

relationship between crystal bed residence time and 12 concentration in the regeneration liquor

developed using the crystal size experimental data reported in this sub-section is considered to

be representative of 1LMCV operations from both a qualitative and quantitative perspective.

6.3 RMCV Operation at High and Low pH.

The contaminant models selected for use as ILMCV challenge solutions represent a

relatively narrow range of pH, which on average varies between pH = 3.5 to pH = 6.5. In

order to investigate a broader pH range, acidic challenge solutions at pH = 2 and pH = 4 were

prepared by acidification of DI water with HCI, and alkaline challenge solutions at pH = 8 and

pH = 10 were prepared by addition of NaOH to DI water. These non-buffered solutions were

then fed to 2.5 em 3 small column scale MCVs. The test results are given in Figures 6.24,

6.25.6.26, and 6.27 for pH values of 2, 4, 8, and 10 respectively.
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The pH = 2 challenged RMCV cycled through two regenerations, averaging

approximately 19 I.,/cm 3 of throughput per cycle. In comparison to the response of typical

tLMCV challenge streams, I- levels were elevated to approximatley 6.0 rag/L, with

reproducible spikes to 13.0 mg/L at approximately 2.5 L,'cm 3 of flu'oughput into each cycle.

The high I- levels may Le due to displacement at the resin anion exchange sites by CI-, present

at approximately 0.01 M. At pH = 4 the levels of I" ranged between 1 - 2 mg/L. The

RMCV serving this stream underwent two regenerations with average cyclic throughputs of

appriximately 9.5 L/cm 3. The levels of iodide present at this pH are also possibly due to

displacement by CI-. In summary, the unusual effects of the two experiments at acidic pHs

are believed to be due to the presence of a competing anion, rather than to the effects of

increased acidity.

The effluent 12 levels from the RMCV challenged with pH = 8 _lution wandered up

and down before triggering a regeneration after 18 L/cm 3 of throughput. Effluent I- levels

varied between 0 - 1.7 mg/L. The source of iodide could be either displacement by OH- or

the result of hydrolytic disproportionation reactions, or both. At pH = 10 the RMCV

underwent five washouts and four regenerations in approximately 19 L/cm 3 of total

throughput. Extremely high levels of I" were observed in the effluent ranging between 15 -

30 mg/L, and mirroring the symmetry of the 12 washout curve. This behavior is probably due

to hydrolytic reactions resulting in the formation of iodate, hypoiodous acid, and iodide. This

subject will be treated extensively in Section 7.

6.4 Amberlite 401S Resin Tests.

The Phase I increment of RMCV developmentg0,222 was conducted using MCVs

prepared using Amberlite 401S anion exchange resin. For comparison puposes, small column

tests were run using this resin. The test results are given in Figures 6.28, 6.29, 6.30, and 6.31

for the ersatz reclaimed potable water, ersatz reclaimed hygiene water, ersatz humidity

condensate, and ersatz urine distillate challenge streams respectively.
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The 401 S resin was prepared using the standard procedures for MCV resin. Two

noteworthy properties of this resin are its low anion egchange capacity of 0.46 meq/cm 3 and

its poor mechanical strength. The initial washouts for RMCVs serving all four of the

challenge streams exhibited high 12 residuls ranging between 12 o 25 mg/L. Follo,._ing the

protracted intial washout, the RMCV serving the ersatz r_laimed potable water stream

underwent seven cycles of operation in approximately 100 L/cm 3 of throughput for an

average cyclic throughput of approximately 13 L/cm 3.

The RMCV challenged with ersatz reclaimed hygiene water experienced repeated

mechanical difficulties. For this reason little useful information was obtained for this challenge

stream.

After an initial ,washout from 15 rag/L, the RMCV challenged with ersatz humidity

condensate achieved stable operation, cycling through 14 regenerations in approximately 130

L/cm 3 of throughput. The RMCV challenged with ersatz urine distillate also stabilized

quickly and underwent a series of 13 regenerations in 130 L/cm 3 of throughput Witl'_ this

resin the natural cyclic frequency trends among the challenge solutions are the same as those

noted for units prepared from standard iodinated MCV resin.
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7.0 Overview.

Several aspects of the chemistry of aqueous 12 solutions are particularly relevant to the

application of RMCV technology. Of foremost concern is the reactivity of molecular iodine.

Tl'ds is a concern from the standpoint of both the potential loss of effective biocide and the

possible formation of u_wanted !norganic or organic iodinated species. Aqueous 12 reacts

with water to form a number of inorganic derivatives, most notably hypoiodous acid (HOI),

iodate anion (1030 , and iodide. The extent to which these reactions proceed is a function of

pH, temperature, and initial 12 concentration. Both the equilibrium and kinetics of these

reactions at iodine concentrations typical of RMCV operation have been examined in detail

and the results are presented below.

Another aspect of aqueous 12 chemistry which has received considerable attention

during the course of the RMCV development work is the characterization of the decay of 12

concentrations in the ersatz humidity condensate and the ersatz urine distillate challenge

solutions. Tl_s work has resulted in the identification of the primary causitive reaction and in

determination of the order, rate constants, frequency factor and Arrhenius activation energy

describing the reaction kinetics TM. Addition_ly, a su_,ey of the literature has been conducted

to ascertain possible routes of formation of iodinated organics in the RMCV challenge

streams. Armed with this information, a limited number of attempts have beer, made to

identify iodinated organics. This work has been limited by the availability of standard reference

materials, the need for development of suitable analytical methodologies, and also by the time

constraints of the performance period of the Phase II effort. The results of these investigations

are presented in detail below.
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7.1 The Chemistry ofAqueous 12 Speciation.

7.1.1 Aqueous 12 Equilibria at 25 oc.

Aqueous iodine can be lost from solution

state 274,38g as illustrated in equation 7,1 below:

by phase transition to the gaseous

[I ]

I2(aq) _ I2(v) K1=_=0.0136 (Eqn.7.1).

The linear relationship between vapor phase 12 concentration in micro-atomospheres (laA) and

aqueous 12 concentration (nag/L) for closed systems at equilibrium is illustrated in Figure 7.1.

The reaction103,229,230,335,349 between aqueous 12 and I- forming 13- was introduced in

Section 4, and is given below in equation 7.2,

K [I:l ._.12 + I- 4-_ 13- 2=_=/_o (Eqn.7.2)
[i2][i- ]

0.04

< 0.03

O_
0
fL
< 0.02

td
Z

0
o 0.01

0.00

Figure 7.1

0

_'--'.:-':-'_'-',L'-'-'T-._-.'::. ":.:: :::: :::: :::: _"_"'_'i

:" '"-'f'""
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:; I I [
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AQUEOUS IODINE (mg/L)

Equilibrium of I2 Vapor as a Function ofAqueoas 12 .
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Aqueous 12 undergoes a hydrolytic disproportionation6,26,313,336,415 to form HOI

and I" as shown by equation 7.3,

12 + H20 ++ HOI + H+ + I" K3-[HOI][H+][I']-4.83xI0-13 (Eqn.7.3).
[12]

Additional reactions associated with the products of the initial hydrolysis rea_ion include the

dissociation of hypoiodous acid (Eqn. 7.4),

H +
HOI +-_ H + + OI- K4:_ [ ][OI ]_2.30x10_11 (Eqn.7.4),

[uoI]

and the formation of !2OH', I20-2, and H2OI + as shown in equations 7.5, 7.6 and 7.7

respectively.

OI- + i- + H20 _-_ I2OH- + OH- K5_-[I:OH-][OH-]-=0.13 (Eqn.7.5).
[0I'][I-]

OI- + J[" _ I2 °= K6=,[I,20_.! =0.045 (Eqr_.7.6)
LUZ JtJ J

F

[H2OI+] =4) 03
H2OI + _ HOI _" FI+ K7=[HOI][H_-_- (Eqn.7.7).

A second hydrolytic disproportionation reaction results in the formation of

L URC 80356 7-4
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iodate178,313,336,415 and iodide as shown in equation 7.8,

3I 2 + 3H20 +-_ IO3"+ 5I-+ 6H + KS -[IO_][I-]:[H+]_ =12Sxl0 -47 (Eqn.7.8),
[1:] 3

and in the fomtation ofiodic acid (I-I103)59,350,408,445 by the reaction of equation 7.9,

HIO 3 _-_ H+ + IO3- K9-[H+][IO_] =0.164 CEq.a.7.9).
[I-IIO3]

Very small quantities of periodate (IO4") can also be formed by disprc, portionation of iodate

by the reaction given in equation 7.10,

4IO 3" _ 3IO 4- + I- K10-[IO_]3[I']=l.0xl0 -53 (Eqn.7.10).
[zo;]'

!o

Undissociated periodic acid exits primarily in the hydrated form as HsIO 6 (o_hoperiodic

acid)67, 94, and is related to the periodate anion by the series of equilibria expressed in

equations 7.11 - 7.14.

H5IO6 _-_ H4IO6" + I-I+ KII-[H'IO_][H+]-5.01x._0-4 (Eqn.7.11).

[HslOr]

H4IO6- _¢ H3IO6 -2 + H + K12-[H3IO_2][H+]-2.00x10-7 (Eqn.7.12).
[H,IO_]
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H3IO6 -2 _._ H2IO 6-3 + H + K13=[H:IO_][H+I-I.05x]0.15
.2

[H_IO6 ]
(T-,qn.7.13).

-
H4IO6 _ I04- + 2H20 K14=_=40 (Eqn.7.14),

i

|

m

7,1.2 Numerical Solution of Multiple Equilibria.

For the purposes _f estimating the equilibrium distributions of the various iodine

containing inorganic species resulting from an initial addition of elemental iodine (I2) to water,

simultaneous solutions of these multiple equilibria were obtained under varying conditions of

pH and initial 12 concentration. A preliminary examination of the above system of interrelated

equifibria revealed that the concentrations of iodinated species formed by the reactiens given

in equations 7.10 through 7.14 are insignificant, under the conditions of interest. For this

reason, /hey were elim/nated from further consideration. Also, since aqueous 12

concentrations are necessarily very low ( _. 1.5 mM for a saturated solution at 25 oc) an

activity coefficient of 1 was assumed for all iodine containing species. This simplification

allowed the use of concentrations d/rectly while introducing only minimal error.

The simplified model of elemental iodine equilibrium speciation includes equations 7.2

through 7.9. The method of simultaneous solution of the system of non-linear equilibria was

patterned after that of Palmer and Lietzke 334. Initial conditions specified at the outset of each

run were the equilibrium pH and the total iodine of the system introduced at to as 12. The

numerical solution was achieved using a Newton-Raphson type iterative algorithm346 written

in the C programming language. A source code listing for the program ISPECIES.EXE is

included in Appendix I. An iodine mass balance was used as the primary convergence

URC 80356 7-6
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criterion. The iterative solution was allowed to progress until the difference in masses between

the sum of all calculated iodine species [Ij] and the original 12 addition [I2] o was fractionally

1 part per mill/on or less, i.e.,

i{ [I2] o- _[Ij] }/[I2] o I < I0 _ (Eqn. 7.15).

i

I

I

I

Secondarily, the solutions were validated by back calculation of the equilibrium constants K 2

through K 9 from the molar concentrations generated by the numerical solution fer each of the

iodine containing species, using the equilibrium expressions given in equations 7.2 - 7.9.

From a kinetics perspective, the time required for true equilibrium to become

established is determined by the slowest or rate limiting step. In the system under

consideration, the hydrolytic disproportionation reaction forrmng IO 3- is rate limiting. This

reaction proceeds quite slowly. By comparison, the hydrolysis reaction resulting in the

formation of HOI is very fast, virtually instantaneous. Because of the drastic differences in

reaction rates betweer_ the two hydrolysis reactions, a pseudo-equilibrium situation is almost

instantaneously established upon additon ofI 2 to an aqueous system. This pseudo-equilibrium

distribution of iodine containing species is dominated by the rapid formation of HOI. Slowly

with time, the psuedo-equilibrium concentration of species changes to the true equilibrium

distribution which is dominated by the hydrolytic formation of IO 3- .

Because of the lengthy periods of time required to est.ablish true equilibrium under

certain circumstances, it was realized that the nearly instantaneous psuedo-equilibrium

distribution of iodine species may also be useful in the characterization of ILMCV chemistry.

For this reason, numerical solutions of the system of equilibria represented by equations 7.2

through 7.7 inclusively were also obtained using analogous methods over a range of initial

pHs and elemental iodine concentrations. The C language source code for the program

IPSEUDO.EXE is listed in Appendix I.
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Representative results of the numerical solutions for both the true equilibrium

situatuion and for the nearly instantaneous pseudo-equilibrium situation arc presented below

for a sele_ion of 12 concentrations of importance to RMCV operation.

7.1.3 True ]Equilibrium i 2 Speciation at 25 oc.

During regeneration, the RMCV solid state 12 crystal bed produ:es an aqueous 12

solution, with 12 _ 300 mg/L. The _uilibrium distribution of I2, I-, I3- , HOI, IO3- , O1-,

I-HO 3, I2OH', I20"2, and H2OI +, as a function of pH for tiffs initial 12 concentration, is

presented in Figure 7.2a and 7.2b using linear and logarithmic concentration scales

respectively. All concentrations are given in mg/L as I. At 300 mg/L the iodine is almost

completely in the 12 form between pH = 0 and pH = 4. Between pH = 4 and pH = 7.5 the

iodine as 12 rapidly declines to concentrations asymptotically approaching zero. In the range

between pH = 4 and pH = 8 13- occurs in a Gaussian distribution with peak centroid at pH

6.25, and peak level of [I3- ] _ 85 mg/L. At pH _ 4.5, I" appears and rapidly increases to a

constant level of approximately 250 mg/L for pH > 8. IO3- appears at pH _ 53 and rapidly

increases to [IO3- ] _ 50 mg/L.

In the small column scale long term life cycle RMCV tests, due to the short residence

times of challenge solutions within the MCVs, 12 concentrations of approximately 10 mg/L

were often detected in the RMCV effluents during regeneration. Figure 7.3 presents the

equilibrium iodine speciation for this concentration as a function of pFI. At the high hydrogen

ion concentrations between pH = 0 and pH = 1, a significant level of H2OI + is formed. The

peak concentration of H2OI + occurs at pH --- 0 and constitutes approximately 6 % of total

iodine. At 10 mg/L of I, the onset of 12 decline is shifted to lower pH by 0.4 units in

comparison to the 300 mg/L values. The corresponding build up of IO 3- and I" also begins at

somewhat lower pH.

In the v_ashout cycle of RMCV operation, 12 concentrations are maintained between

URC g0356 7- g
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4.0 mg/L and 2.0 mg/L. The equilibrium iodine speciation versus pH is presented for these

concentrations in Figures 7.4 and 7.5 respectively, hLspection of the variation in equilibrium

distribution of iodinated species, between the concentration range of 300 mg/L to 2 mg/L

reveals several trends. As the concentration of total aqueous iodine decreases, the fommtion

of 13" declines markedly, while the H2OI + fraction increases at low pH Also the pHs at

which 12 decline, IO 3" and I- build up begin, are shifted down scale.

Based upon the above, it is clear that the tree equilibrium speciation is dominated by

the slow hydrolysis reaction forming 5 equivalents of iodide and 1 equivalent of iodate. This

reaction is pH and concentration dependent, with the effects of pH being manifested at lower

values as the total iodine concentration decreases. The major equilibrium iodinated species of

concern for the concentrations and pHs encountered by RMCV operations axe 12, I', I3-, and

IO3". The relationships between the fractional occurence of a given species and the total

iodine concentration, while pH is held constant, are presented for 12, I-, I3-, and IO 3" as

Figure 7.6, 7.7, 7.8, and 7.9 respectively. The multiple curves of each figure present fractional

speciation over the range of pH between 2 and 12.

7.1.4 Pseudo-equilibrium (fa-_t)I 2 Speciation at 25 oc.

While the true equilibrium iodine speciation is dominated by the slow hydrolytic

disproportionation reaction fornfing IO 3" and I', the pseudo-equilibrium iodine speciation

reactions ace dominated by the hydrolytic disproportionation i'eaction forming HOI and I" .

This rea_ion is extremely fast, virtually instantaneous. Upon addition of 12 to an aqueous

system, the distribution of iodine species corresponding to the pseudo-equilibrium state

immediately prevails. The distribution of species then changes continuously and slowly until

the true equiibrium distribution is achieved. Because of the length of time involved in

achieving true equilibrium at the iodine concentrations and pHs encountered in RMCV

operations, the pseudo-equilibrium situation may be more representative of the actual

URC 80356 7 - 11
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abundances of the various species. The pseudo-equilibrium distribution of iodine species as

a function of pH is presented in Figure 7.10 for an initial aqueous 12 concentration of 300

mg/L. At this iodine concentration, 12 levels diminish with increasing pH, beginning at pH =

4.5 and become insignificant at pH >__1 !. 5. Gaussian distributions for I3-, !-IOI, ar,.d I2OH-

are evident, with peak centroids at pH z 9, pH _ 10, pH _ 10.4, and approximate peak levels

of 62 rag/L, 65 mg/l., and 35 mg/L respectively. I- levels rise from near zero at pH = 5 to 150

mg/L at pH > 12. Above pH = 10, OI- the dissociated hypoiodite anion increases to

approximately 150 mg/L at ",H = 13.5.

Similar representations of the pseudo-equilibrium distribution of iodine containing

species are presented in Figures 7.11, 7.12, and 7.13 for 10 mg/L, 4 mg/L, and 2 mg/L initial

12 concentrations. At these low levels of total iodine, only I2, I-, HOI and OI" occur at

significant levels. Given the pH range encountered during RMCV operation, this list can be

shortened to I2, I-, and HOI. The observed trends for the pseudo-equilibrium case are similar

to those observed with the true equilibrium case, in that the corresponding effects of

speciation due to hydrolysis occur at lower pH values as the total iodine concentration of the

system decreases. In comparison to the true (slow) equilibrium distribution of species,

corresponding effects of hydrolysis are seen at higher pH values for the pseudo-equilibrium

case.

At the 2 mg/L minimum 12 cc:_centration specified for routine RMCV operation, the

effects of the fast hydrolysis reactions can be substantial. Under acidic conditions typical of

the ersatz humidity condensate and the ersatz urine distillate, between pH = 3 and pH = 4,

roughly 98% ofthe iodine added to the system by the MCV as 12 will remain in this form. At

the pH values of ersatz reclaimed hygiene water and ersatz reclaimed potable water, both of

which vary, between pH = 5 and pH = 7 and with an average pH _ 6, the effect of the fast

hydrolysis is more pronounced. At pH = 5 iodine is approximately 93% in the 12 form. At

i,

in-

k
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pH = 6 this drops to 78% _d to approximately 42% at pH -- 7.

All of the equilibria examined thus far b.ave been derived assuming an initial addition of

only elemental iodine to the aqueous system. As we have shown in Section 5, RMCV

operations also add variable quantities of I- to the MCV effluent, the magnitude being

dependent upon the chemical compositions of the respective challenge solutions. Attempts to

model this situation have been partially successful. The program IIFAST.EXE, written in the

C programming language, is a modification of ISPECIES.EXE. This program begins within

initial conditions of both 12 and I" present, and adds the conservation of oxidation state as an

additional convergence criterion. The program fails to converge with some regularity, but has

also generated valid solutions over the pH range between pH = 0 and pH = 14, for certain

initial concentrations of the two iodine species.

Addition of I- as an initial condition results in the presence of 13" at all pH values for

which 12 is present. This effect _.smost evident at high iodine concentrations. At low iodine

levels the most dramatic effect is the upscale pH shift of the onset of hydrolysis. Figure 7.14a

and 7.14b present the pseudo-equilibrium iodine speciation for addition of 2.0 mg/L of 12 and

0.2 mg/L of I" to the aqueous system on linear and logarithmic scales respectively.

Examination of the figure indicates that at pH = 4, 5, 6, and 7, 12 levels are 1.99, 1.94, 1.7,

and 1.04 mg/L respectively. In the absence of an external source of I', the corresponding 12

concentrations (see Figure 7.13) are 1.95, 1.85, 1.55, and 0.92 mg/L respectively.

Similar solutions for the pseudo-equilibrium distribution of 2.0 mg/L of 12 vdth 0.6

and 1.0 mg/L of I- are given in Figures 7.15 and 7.16 respectively. Source code for the

program IIFAST.EXE is listed in Appendix I.
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7.1.5 Kinetics ofEquilibrium 12 Speciation at 25 oc.

In the pseudo-equilibrium case and the true equilibrium case we are confronted with

strikingly different distributions of iodine containing inorganic species. The susceptibiity to

hydrolysis as a fdnction of pH also varies between the fast and slow reactions, with equivalent

loss of iodine in the 12 form occufing at lower pH values for the slow reaction than for the fast

hydrolysis to HOI and I-.

At the moment that elemental iodine is introduced to the aqueous stream by flow

through a bed of iodinated ion exchange resin, the pseudo-equilibrium distribution of species

is attained. This initial distribution of species slowly changes until the equilibrium state is

reached. Without father information, it is difficult to asce_ain specifically what distribution of

species results for a given pit and initial iodine concentration at any given time following

iodination. For this reason an examination of the kinetics of iodine speciation was undertaken

to provide clarification ofthe relative importance of the fast and slow reactions.

For the sake of simplicity, only those species having been found to occur in significant

quantities by the equilibn,.,T, speciation modeling were incorporated into the speciation

kinetics model. These species were: I2, I', HOI, OI-, and IO3-. The numerical modelling was

patterned after the method of Palmer and Leitzke 334, and used reaction rate constants

6bta/ned from the literature125,140,261,302,313 The kinetic model was set up as the system

of linear first order ordinary differential rate equations:

d[I_.]_ k,[I,] +k.,[I'][HOI+OI'][H*]
dt (Eqn. 7.16)

dI" , 2
_t ]-k'tI2]'k"tI'][HOI+O!'][H÷ ]+3 k2[HOI]_ +

2 k3 [qOi][Oi. ]-k.: [IO; ][I" ]:[H +]2

(Eqn. 7.17)

URC 80356 7 - 27



d[_tOI]_k,[l:].k.,[l-][HOi+ OI-][H+ ].k:[HOi]2 .k3[HOi][Oi.]+ 3k.2[iO;][i.]Z[H+ ]z

(Eqo. 7.18)

d[IO; ]_1

dt 3 k_[HOI] 2÷ lk3[HOI][OI']-I.2[IO;][I']:'[H÷]2 (Eqn. 7.19)

where k s = 3.0 s -1 is the first order rate constant for the hydrolysis ofI 2 forming HOI, kq =

4.4x1012 l'__'2s "I is the third order rate constant for the reverse reaction, k2 = 250 M'ls-land

k3 = 120 M-ls -1 are the second order rate constants of the two term rate law of Thomas et

al. 415 for the formation oflO 3- and k2= 3.0x108 M-4s -1 is the fifth order rate constant for

the reverse reaction.

The system of differential equations was solved using Mathematiea, a symbolic

mathematical processor 442. Source code for the program IKINETIC.MA, written in the

Mathematica language, is listed in Appendix I. In this initial value problem, at to all iodine

begins in the 12 form. This simulates the introduction of elemental iodine into an aqueous

stream by an MCV. To obtain a solutio_t, only the pH of the system and the initial 12

concentration is specified Solutions were obtained for the time interval between 0 and 10,000

seconds (2.78 hours), where possible. At initial conditions of low iodine concentration and

low pH, singularities were encountered over this time interval, which made solution

impossible. In some cases, solution over a shorter time interval was possible. In all cases,

solutions were obtained between 0 and 300 seconds (5 minutes). This time interval

corresponds to the residence time of the RMCV effluents in the 10 cm path length flow-

through speetrophotometer cell for the small column scale long term life cycle test stand, bdl

concentrations are given as mgtl., of I.

The iodine speciation kinetics for [I2] 0 = 300 m_ and pH = 7 is illustrated in Figure

7.17a and 7.17b, showing the full time scale and an expanded scale representation of the first

URC 80356 7 - 27
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300 seconds respectively. 12 concentration is seen to irrtmediately drop to a level of

approximately 278 mg/L. At the same time, HOI and I- appear at equivalent concentrations of

apFroximately ! 1 mg/L. This is the maximum concentration that HOI will attain and results

from the pseudo-equilibrium speciation dominated by the fast hydrolysis reaction. Ever

_flerward the concentration of HOI slowly dimi_',ishes as does the 12 concentration, while I"

aid IO 3- slowly increase. After 10,000 seconds (2.78 hours) equilibrium has not been

rcach_o

Figure 7.18 presents the solution of the initial value problem for pH = 7 and [I2] 0 =

4.0 mg/L. The hydrolysis kinetics reinforces the observation that with all other parameters

held constant, lower concentrations of elememal iodine suffer proportionally greater from the

effects of hydrolysis. At 4.0 mg/L and pH = 7, 12 levels drop within seconds to approximately

2.0 rag/L, and continue to decrease slowly thereafter, reaching approximately 0.75 mg/L after

10,000 seconds, at which time the system has yet to attain equilibrium. And as can be seen in

Figure 7.19, the effects at pH = 7 for [I2] o = 2.0 mg/L are even more pronounced.

Analogous solutions of the system of rate equations for [I2] o values of 300 rag/L, 4.0

mg/L and 2.0 mg/L at pH = 6 are presented in Figures 7.20, 7.21, and 7.22 respectively. It can

be seen that at ;.his pH, an intial value of 300 mg/L 12 rapidly drops t,., 290 rag/L, 4.0 mg/L

decreases to 3.25 mg/L and 20 mg/L falls to 1.5 mg/U The rates of both slow and fast

hydrolysis reactions are diminished in comparison to those at pH -: 7. This trend continues at

pH = 5 as shown in Figures 7.23 and 7.24 illustrating hydrolysis kinetics for initial conditions

of 4.0 mg/L and 2.0 mg/L 12 respectively. The rates of 12 hydrolysis in the 20 mg/L - 4.0

mg/L operational window of the RMCV become insignificant with further reduction of ptL as

can be seen from inspection of Figures 7.25 and 7.26, representing pH = 4 and pH = 3

respectively.
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7.2 Chemistry and Kinetics of 12 Loss in Ersatz Humidity Condensate and
Ersatz Urine Distilate.

A significant decline in 12 concentration is associated with the iodination of heavily

contaminant-laden process water streams such as the ersatz humidity condensate and ersatz

urine distillate challenge streams used in the present study The acidity of these solutions,

between pH = 3 and pH = 4, precludes the loss of 12 via the hydrolysis reactions discussed

above.

Instead, 12 loss is attributable to reaction with organic constituents. This phenomenon

has been investigated using time resolved UW-VIS absorption spectrophotometry of iodinated

ersatz humidity condensates and iodinated ersatz urine distillates. Rates of iodine loss have

also been studied using single contarr, ir, ant systems at equivalent concentrations. The

predominant reactive species have been identified as thiourea and formic acid 14. Pseudo-first-

order rate constants have be.m determined for ersatz contaminant model mixtures and for

individual reactive eonstitueats. Second order rate constants have been determined for the

bimolecular reaction of ;,odine and formic acid. The relationship between "ate constant and

temperature has also been established for this reaction

The overall strategy, of the 12 decay investigation has been to first characterize the

phenomenon in the subject ersatz contaminant model, and then to dissect the model

chemically, er,mponent by component, by examining aqueous binary iodine-contaminant

mixtures at equivalent ersatz model concentrations, to determine which species exhibit

significant reactivity toward iodine. Individual experiments were performed by iodinating the

test solutions to an initial concentration of 20 mg/L 12 and subsequently monitoring the

decline in 12 concentration as a function of time.

The ersatz humidity condensate mixture is the more chemically complex of the two

RMCV challenge streams. Though they occur in markedly different concentrations, the three

predominant constituents of both contaminant models are the carboxylic acids: formic acid,

acetic acid, and propionic acid. The ersatz humidity condensate mixture and the four

URC 80356 7 -40



predominant individual organic constituents of this contaminant model, formic acid, acetic

acid, propionic acid and caprolactam were selected for inital experimentation.

The reaction vessel consisted of a thermally insulated and jacketed Te.qon stoppered 5

cm path length cylindrica! quartz spectrophotometer cell, as described in Section 2. The cell

vo!ume was 30 cm 3. Experiments were conducted by spiking 30 cm 3 of the appropriate

matrix, resident within the spectrophotometer cell, with sufficient concentrated (1,000 mg/L)

ethanolic 12 stock solution to attain an approximate 20 mg/L initial 12 concentration The

solutions were then rapidly mixed, initial 12 determined, and the acquisition of spectra for the

determination of 12 concentrations at periodic intervals initiated using the HP 8452A diode

array spectrophotometer.. At the termination of the experiment both 12 and I- concentrations

were determined _y the LCV method.

First and second order kinetic models were derived using least squares approximation

techinques 384. Goodness of fit of the experimental data with that derived from the various

kinetic models was judged using the statistical correlation coefficient (r2)384. This approach

assumes that all errors are random. Most experiments were performed in duplicate.

7.2.1 12 Decay in Ersatz Humidity Condensate.

Earlier ersatz humidity condensate models often contained thiovrea, stemming from a

tentative GC-MS identification of' unknown peaks in Spacelab humidity condensate as

'..hioureas. The original version of the humidity condensate model, from ,_hich the RMCV

project working ersatz humidity condensate model was derived, contained thiourea. Another

ersatz humidity condensate, designed as a challenge solution for a catalytic oxidation system

under development at Umpqua Research Company, also contained thiourea 1.

Our attempts to characterize the reaction kinetics of thiourea with elemental iodine,

both separately and as a component of an ersatz humidity condensate mixture, were frustrated

by the extreme rapidity with which the reaction goes to completion. It was observed that

within one or two seconds, the reaction proceeds to a point at which one or another of the

reactants has been completely consumed. From the standpoint of the time resolution capability
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1

of our experimental system the r_ction is virtually inst_taneous. All iodine was recovered in

the form ofl', as determined by LCV method

The reaction responsible for the observed instantaneous 12 loss is the oxidation of two

equivalents of thiourea by a single equ;valent of molecular iodine to produce the dimeric

forma,nidine disulfide and two equivalents of hydrogen iodide434

2
,Nit 2 Nil

S=C/ + _--I _ %C--S--S--C/NH2

\ NH2 N_2 %NIt +
2 H--I

(Eqn 7.20)

Formamidine disulfide may then undergo further reaction, liberating elemental sulfur,

c/NH2 _" 8----C/1_2+ B 4-
_C--S-S-- % \

Nil2 NH i_12
H2N-- C'- N

(Eqn. 7.21)

cyanamid and thiourea. Hence it is possible for one equivalent of tbfiourea to consume up to

1.5 equivalents of !2 . From this we have concluded that it is impractical to maintain an 12

residual in t_ourea containing media. To do so would require addition of excess 12 and would

result in unacceptably high levels of I- and other reaction products. Fortunately, it is tmlikely

that thiourea in any significant level will be encountered in real ECLSS process water streams.

For these reasons, the exclusion of thiourea from the ersatz humidity condensate model used

in the RMCV development program seems warranted.

The decay of an initial 20 mg/L 12 concentration in ersatz humidity condensate matrix

is illustrated in Figure 7.27. Symmetry of the curve is exponential, with a decay
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half-life on the order of 500 - 600 minutes° First order kinetic models were derived using the

relationship:

4z,___J---k[_;] [_]=[_]0e-_' (Eq..7.22).
dt

The least square fit of the data in Figure 7.27a and 7.27b to the integral form of the expression

above yields pseudo-first order rate constants (k) of 0.00144 min -1 and 0.00145 min -1, and

correlation coefficients (r 2) of 0.9932 and 0.9977 for the first and second 12 decay

experiments in ersatz humidity condensate respectively. Figure 7.28 presents comparisons of

the observed iodine decay versus that predicted by the pseudo-first order model.

Some insight into the nature of the elemental iodine decay process in ersatz humidity

condensate can be gained by examination of the changing absorbance spectra. The qualitative

ohange in absorption spectra with time, during ion,no decay in ersatz humidity condensate, is

presented in Figure 7.29. In this three dimensional surface representation, absorbance and

wavelength are depicted on vertical aad horizontal axes respectively. The time axis is

represented a_ depth, with time increasing from front to back. The low wavelength region of

non-specific absorbance has been cut and the scale expanded. Etched into the flattened top of

the cut-off low wavelength region is a furrow running from front to back. To the right of this

is the 270 nm line indic, alive ofl 2 and further to the right is the 288 nm 13- spectral line. It is

noteworthy that this furrow disappears with time, indicating that the 270 run peak height is

diminishing. The flattened region to the fight of the furrow widens with time, indicating

growth of the 288 nm peak relative to the 270 nm peak. Reduction of intensity of the 12

spectral lines with time, is also seen in the height of the 460 nm peak, but is not readily

apparent from the angle at which the plot is viewed. What is strikingly apparent is the
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appearance and increase with time of 13" absorbance at 350 ran. This demonstrates the

production of iodide during the reaction.

Analysis of the reaction mixture.upon termination of multiple experiments in ersatz

humidity condensate reveals complete conversion of reacted 12 to I'. Thi,_ is very significant.

If any iodinated organics are being produced, it can only be through minor side react;ons and

can only result in sub-part per million levels of product.

Similar kinetic experiments were conducted individually, for each of the major

constituents of the humidity condensate model: formic acid, acetic acid, propio_ic acid, and

capro!actam at the corresponding concentrations. Additionally a deionized water blank

experiment was conducted. In this way, formic acid was identified as the primary reactive
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species present within the ersatz humidity condensate mixture. All other tested contaminants

behaved similarly to the deionized water blank. We concluded that the principal reaction

responsible for elemental iodine decay in the ersatz humidity condensate model under

investigation is the oxidation of formic acid to carbon dioxide as shown in equation 7.23. In

this process elementa_ iodine is reduced to iodide anion.

OH
/

H--C
\\

o

4" I--I _ O_C_O 4" 2 HI

(Eqn. 7.23)

Tv:o experimental 12 decay curves in formic add (pH = 3, at 2.5 rat,, ) are presented

in Figure 7.30a and 7.30b. Fitting of these data to first order kinetic models 3ields a rate

constant (k) of 0.00104 min-1 and an r2 of 0.9954 for the first experiment and a rate constant

of 0.00088 min -1 and an r2 of 0.9962 for the duplicate experiment, Figure 7.31 presents both

experimental iodine conomtrations and those predicted by the derived rate constants.

These data were also fitted to a bi-molecular second order kinetic model of the form,

[%] _ [I2]0 e( l,d,- l)Kx_..].>.

[ttCO 21"I] [HCO_H]o (Eqn. 7.24)

_'he resulting rate constant (k) of 0.00042 M-lmin -I and r2 of 0.9974 ,"or the first experiment

and k of 0.00037 M-lmin -1 and r2 of 0.9985 for the second experiment show a marginal

improvement over the first order model. The reaction appears to be a true second order

process, but pseudo-first-order under conditiom of excess formic acid. Figure 7.32 is a

linearized plot which compares observed data to the predictions of the second order model.

Ao and B o represent the initial molarities offorrfic acid and 12 respectively.
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Reactionkinetics of the formic acid - 12 system were characterized at two additional

temperatures, 37 oc and 46 oc. These data are presented in Table 7.1. For the elevated

temperature experiments, the second ,_rder rate model consistently provids a better c,_rrelation

with the observed iodine decay than does the ,qts_ order ,:ate model. The An'henius plo: of the

second order data is presented in Figure 7.33. The relationship betv, een the rate constant and

temperature is expressed by,

k=A e RT (Eqn. 7.25),

where R is the universal gas constant (8.3143 J-OK-1-Mol-1) and T is temperature in OK.

Strong linearity is indicated by the correlation coefficient (r2) of 0.9993. The test results yield

an Arrhenius activation energy (Ea) of 89.3 J-mMo1-1 and a frequency factor (A) of 2.46 x

1012 L-mMol-l_min-1.

Table 7.1 Summary of Iodine Decay Kh_etics in 2.5 mM Formic Acid.

Temperature

_ (oc)

2nd Order k

(M-lmin-})

Correlation

Coefficient (r2), ,,

1st Order k

(mi_ -I) .,

Correlation

Coefficient (r2)

22

0000372

0.000423

0.9985

0.9974

0.90088

0.00104

0.9962

0.9954

37

0.00209

0.99974

0.00512

46

0.00569

0.99906

0.0140

0.99909 0.99732
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7.2.2 12 Decay in Ersatz Urine Distillate.

The decay of elemental iodine in ersatz urine distillate is shown in Figure 7,34.

Because the three predominant constituents of the ersatz urine distillate model are

components previously tested in connection with the study of ersatz humidity condensate, it

can be concluded that formic acid _ most probably be the predominant reactive species in

this matrix as well. Examination of Figure 7.34 indicates that 12 decay in ersatz urine distillate

differs from that of humidity condensate primarily in that much longer 12 half-lives are evident.

This is to be expected for a second order process in which reaction rates are dependant upon

the concentrations of both reactants. In this case the formic acid concentration is much lower,

0.22 mM as compared to 2.5 mM in the humidity condensate model. The pseudo_first order

rate constant (k) of 0.000127 rain-1 yields an r2 value of 0.9860. This value reflects a lower

order of correlation than seen for applications of the first order model to 12 decay in ersatz

humidity condensate. As can be seen from inspection of Figure 7.35, the major discrepancies
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between actual iodine values and those predicted [y _ order kinetics, occur in the early

stages ofthe experiment. As illus;a'ated in Figure 7.36, a substantially improved fit ofthe data

is pro'tided by the second order kinetic modek with a rate constant (k) of 0 000597 M-lrnin-1

a_ad an r2 of 0.9970. TEs mc4.el too shows significant deviation at the early stages of the

reaction. Analysis of the reaction mixture at the terrrfination _f the experiment indica:ed that

all iodine was quantitatively recovered as the sum ofumeacted 12 and 1-.

_ Figure 7.36 Iodine Decay in Ersatz Urine Distillate- 2nd Order Model-(Observed--dark, Model = light).

7.2.3 12 Decay Conclusions.

The second order bimolecular reaction of elemental iodine with formic acid,

producing carbon dioxide and iodide anion, has been identified as the primary, mechanism

underlying the decay of residual 12 in ersatz humidity condensate. That the reaction is second

order is indicated by the corks/stently h/gher correlation coefficients of the second order model
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as compared to the first order model. This trend is consistent over all temperatures and

concentration ranges investigated. Using the derived Arrhenius activation energy ang

frequen_ factor, rates of elemental iodine loss in this medium can be estimated with

reasonable accuracy over a range of temperature3.

Preliminary analyses 377 c.f humidity c¢ ader-ates collected during the STS-45 mission

have indicated forr,'fic acid concentrations ranging between 5.0 mg/L and 10.0 mg/L. These

two values have been used as input to the 2rid order rate model :o project biocidal 12 loss

rates assuming an initial iodination of the humidity condensate with 4.0 mg/L 12 . The results

are shown in Figure 7.37. Examination of these data indicate that, for residence times typical

of closed loop regenerative life support, systems, loss of i2 does not present a serious

operational difficulty.

The situation is somewhat more complicated in the ersatz urine distillate. The

aforementioned reaction appears to be the primary mode of iodine decay in this matrix also.

However_ based upon the divergence between observed iodine concentrations versus those

predicted by the kinetic models in the very early stages of the experiment, it seems that our

understanding of this s)'stem is incomplete. It is entirely possible that competing reactions are

at work. If so, it is a _rong possibility that the unknown reaction or reactions are reversible,

as the reacted elemental iodine has been recovered quantitatively as I" at the termination of

these experiments. It is also possible that a charge transfer complex is formed between 12 and

the aromatic ring portion of phenol and/or benzoic acid, and that this either impedes the

reaction at early times, or interferes with the spectrophotometric quantitation of 12 .

The kinetics of the reaction of iodine with formic acid and formate salts have received

some attention23,24,45,68,84,114,182,201. Considerable disparity exists among the rate

constants determined under various conditions. Our own work suggests that reaction rates

are pH dependent, with reaction rates increasing as acidity decreases. This would explain

small differences observed between er_tz humidity condensate decay rates, and those
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projected from pure formic acid - iodine kinetic ,_a.a. It would also explain the somewhat

larger dispari_ between predicted and observed decay ofI 2 in ersatz urine distillate.

7.3 The Search for lodinated Organics.

Prior to the identification of the reaction of iodine with formic acid, the mechanism of

12 ioss in ersatz humidity condensate and ersatz urine distillate was strongly suspected to

involve the formation cf iodina*.ed organic reaction by-products. A limited investigation of the

formation of iodinated organics was undertaken at the same time as the kinetics experiments

described in subsection 7.2, and consisted of a literature review, analytical m_hods

development and analysis of iodinated RMCV challenge streams.

A survey of the literature was corgiucted in order to determine probable routes of

formation of iodinated organics (see Section 12). Based upon the chemical composition of

the RMCV challenge solutions, the following reactions were considered: the iodination of

pheno143,173,333,

(_0 H 4. 17 H

(Eqn. 7..'2.6),
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the iodination of benzoic acid96,98,362,

_<:y -c :°
OH

the iodoform rea_ion 169,383,

:(f ::i\ C:0

\_-(-- _o.
J

0 H

f\

k__"_'_J \
fix

(Eqn. 7.27)

1

R CH3 ]_
\C / R OH

il + 3 aoz--__,.,,--_-z+ %/ +
o _, X

zH_

(Ean. 7.28),

the iodination of acetone l 6,27,65,66,104, _74,245,353,360,443

t21t3 C_[3
\C/ X2 X-.--O]B{2." / CH3

II -HI cfl
0 0

" _d the cc-iodi_aation ofcarboxylic acids236,

I __:o ,,
OR

(Eqn 7.29),

('E.qn. 7.30).
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As potential products fo,"med by the above reactions r_eit h constituents of the RMCV

challenge streams, 1,000 mgJL stock solutions of the fbllowing compounds were prepared in

ethyl acetate • 3-iodophenol, 4-iodophenol, 2-iodobenzoic acid, 3-iodobenzoic acid, 4-

iodobenzoic acid, io,:_oacetic acid and iodofonn. Each of _hese stock solutions were then

diluted I 1000 in DI water and analyzed by EPA Method 502.2, using purge and trap capillary

column gas chromatography with Hal! Electrolytic Conductivity and Photoionization

detectors. None of the iodinated o: garlic compounds were detected by this method.

With the exception of iodoform, the above stock solutions were then diluted l 1000 in

toluene and derivatized using diazomethane, forming O-methyl ether derivatives of the

iodophenols and forming O-methyl ester derivatives of the iodinated benzoic acids and

iodoacetic acid. Separation and d-tection of these compounds was then attempted using an

adaptation of EPA Method 515.1419, using a packed OV-17 column and electron capture

detection CECD). The three mono-iodinated benzoic acid isomers were not resolved, but were

separated fi'om the mono-iodinated phenols, whieh also were not resolved. Iodoacetic acid
was not identified.

Iodoaeetone was prepared, separated and quantified using the method of

Hasty186,187,293, which involves solvent extraction separation ant, concentration of

iodoacetone into hexane, followed by packed column gas chromatography with ECD

detection. Iodoform was separated, detected, and quantified, using similar methodology.

Representative eltluents fiom the ersatz humidity condensate and ersatz urine distillate

RMCV streams, with residtual 12 levels between 4.0 mg/L and 3.5 mg/L, were analyzed by the

methods described above. No iodinated organics were found at a detection limit of

approximately 1 mg/L. Lower detection limits could not be achieved because of the co-

extraction of 12 into the organic solvents and the res_ulting elevation of the ECD baseline.

Thiosulfate was not used to reduce 12 because of the instability of the iodophenols and
iodobenzoic acids.

URC 80356
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Ersatz humidity condensate and ersatz urine distillate matrices were iodinated with I0

mg/L I2, representat;ve of the spike of elevated concentration seen during regeneration in the

long term life cycle testing. These samples were analyzed for Total Organo-halogen (TOX)

content using method SM 532085, which yielded 0.49, 036 and 0.05 mg/L for an iodinated

DI water blank, ersatz urine distillate and ersatz humii;ty condensate respectively. TOX is by

c.on':ention report-,_l as chlorine As iodine the TOX values become 1.75, 1.29, 0.18 mg/L

respectively. Because of the lack of specificity of the method, it is not clear what proportion

of the TOX numbers are attributable to i_dine.

Taken together, the 12 speciatior, equilibria and kinetics data reported in the pr_'ious

sub-sections, the results of limited chemical analysis outlined above, and the results of the

TOX assays suggest that, under conditions of normal RMCV operation, organohalogen

forming reactions do not proceed at an appreciable rate in comparison to other mechanisms of

12 loss. It is most prob_le that iodinated organic compounds, if they do exist, are fimited to

the sub-part-per-million concentration regime in the RMCV effluent streams.
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8.0 Overview.

In its normal operational mode, the RA4CV produces water containing biocidal I,_

concentrations confined to the narrow range between 4.0 rng/L and 2.0 mg/L Within this

range, the 12 levels are sufficient to inhibit microbial growth within the water supply but a!so

low enough to maintain the aesthetic quality as drinking water. The RMCV has an additional

capability of operation in the super-iodination mode when outl_ut of l-fish levels of aqueous 12

are desired for disinfection of surfaces, prevention and control of biofilm formation, or to

remedy severe microbial upsets in water reclamation prc. _ss streams.

In the super-iodination mode, the MCV is bypassed. Flo,,_ of the influent stream is

diverted to the solid state 12 crystal bed, as in a normal regeneration, but the 12 crystal bed

effluent is routed directly to the point of use, rather than to the MCV. In this way_ a strong

aqueous 12 solution of approximately 250 mg/L is made available for situations in which major

disin.fecEon capabi!it3, is required. Experiments have been conducted which demonstrate both

the long term reliable production of super-iodinated aqueous solutions from the RMCV solid

state 12 crystal bed and the efficacy of the super-iodinated solutions for the disinfection of

surfaces and the control ofbiofilm

8.1 Production of 5",r_er-iodinated Water.

The design requirements for the steady production of super-iodinated aqueous

so!utions using packed iodine crystal beds were determined as pan of the parametric testing

presented in Section 6. "Ihe key requirement for output of stable 12 levels approaching

saturation is a residence time of 1.0 minutes or greater. For residence times above this value,

the super-iodinated aqueous concentrations of approximately 250 mg/L are attained. In

operational terms, this means that a properly designed iodine crystal bed will output this

concentration, independent of flow rate so long as maxima are not exceeded.

Figure 8.1 illustrates the flow history of a small column 12 bed of approximately 10

URC 80356 8-2
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cm 3 volume, similar in size to those used for the long term life cycle testing, in this example,

DI water was fed to the crystal bed aL a flow rate of approximately 8 cm3/min. Inspection of

the graph reveals that 12 levels of approximately 250 mg/L were produced for over 2,500

cm 3 of continuous flow. In this experiment, the 12 levels began falling only after the crystal

bed was sufficiently depleted as to reduce the residence time of the aqueous stream below 1.0

minute. Expressed in terms of a scaled up crystal bed capab!e of processing the Space Station

Freedom baseline flow rate of 120 cm3/min, this would correspond to a continuous

production of more than 37 liters of" super-iodinated disinfectant solution.

300

25O

-J
-_ 20O

E
_" 150
bJ
Z

r, 100
0
m

5O

0

Figure 8.1

I I I

,jJJlI't]"IjIirliJIl[!i
]'ij!],i]l!jIXjl!l'!lJi

0 I

i,l'jr,,I,lIlj'l!l,!i!IIII!Illl'li!rrIl!IIlri!
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2 3

THROUGHPUT (L)

Solid State Crystal Bed Effient 12 Concentr:_tion versus Throughput,

10 cm 3 bed volume - 10 cm3/min flow rate.

URC 80356 8-3

W_



Pllr

l

I

|

I

f

l

i-

i

I
I

i

i

r

I

!;

I

r

t

8.2 Disinfection of Surfaces using Super-iodinated Water.

A simple experiment was conducted to establish the efficacy of the strong aqueous 12

solution produced by operation of the RMCV in the super-iodination mote as a surface

disinfectant. Two Teflon coupons with surface areas of approximately 40 cm 2 were passively

exposed to laboratory air for a period of six months. The coupons were occasionally handled

with bare hands, such as for the measurement of surface areas.

Two similar coupons were contaminated by placing t5 mL of a suspension of

Pseudomonaspickettii (5.65 x 106 CFU/mL) directly on the exposed surface. Alter one hour

the bacterial supsensions were decanted and the coupons were air dried. An aqueous 300

mg/L 12 solution was produced from a 6.8 cm 3 solid state crystal bed at a flow rate of 5.0

cm3/min. The surface of one coupon from each pair was completely cleaned, using a calcium

alginate swab ,saturated with the concentrated 12 solution, followed by a rinse with sterile

distilled water to remove excess 12 .

Surface bacteria were recovered using sterile type 2 Calgiswabs (calcium alginate)

wetted in buffered sterile water. The swabs were placed in 100 mL sterile buffered water, and

the microflora transfered to the aqueous medium by rgitation. The number of bacteria were

determined as CFU/cm 2 by filtration through a sterile 0.45 !xm GN-6 membrane filter, and

plating on R2A agar media which were then incubated at 35 oc and counted on day 2 and day

7. The test results are summarized in Table 8.1. No bacterial survivors were isolated from

the surfaces of either of the coupons disinfected using the super-iodinated water.

8.3 Control of Biofilm using Super-iodinated Water.

An aqueous 300 mg/L 12 solution was produced from a 6.8 cm 3 solid state crystal bed

at a flow rate of 5.0 cm3/min for use in the biofilm control tests. Five liters of sterile buffered

distilled water, containing 6 g of tryptic soy broth (Difco) were seeded with

URC 80356 8 - 4
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Table 8.1 Surface Cont,.ruination Super-iodination Test Results.

COUPON CFU/100m L CFU/cm 2

Air Exposure _ 17 0.42
|

J O 0Air Exposure + I_ _ t

Pseudoraonos sk,. t 2.0 x 10 5 4.9 x 103

t o iPseudomonas + 12

Pseudomonas pickettii isolated from the laboratory DI water supply for use as the biofilm

forming medium. Autoclave sterilized Teflon coupons, 2.54 cm x 2.54 cm x 0.3 crn, were

immersed in the biofilm forming medium. Biofilm was grown on the coupons for variable

time periods of 24 hr, 40 hr, 72 hr, and 88 hr. Coupons were then exposed to the super-

iodinated solution for various times, after which the coupons were rinsed, excess 12 destroyed

with thiosulfate, and the number of bacteria determined as CFU/crn 2 by filtration of the rinse

water through a sterile 0.45 lam GN-6 membrane filter, plating on R2A agar media which

were then incubated at 35 oc and counted on day 2 and day 7.

The first series of tests were conducted using coupons with the 24 hour biofilm

Duplicate coupons were exposed to the super-iodinated _lution for 30, 60, and 90 m_nutes.

The results of this test are presented in Table 8.2. These data indicate a reduction in microbial

population by six orders of magnitude for a 30 minute contact time. The 60 rrfinute contact

time produced a further lessening of survivors by one half. The effects of the 90 minute

contact time are only marginally better than for the 60 minute contact time.

The results of the 40 hour, 72 hour, 72 hour multiple exposure, and 88 hour biofilm

superiodination tests are presented in Tables 8.3, 8.4, 8.5, and 8.6 respectively.

URC 80356 8 - 5
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Table 8.2

EXPOSURE

mit

0

0

30

30

60

60

90

90

Test Results for Su _er-iodination of the 24 Hour Biofilm.

CFU/mL CFU/cm2 AVE ILJkGE

CFU/cm 2

1.89 x 105

2.36 x 105

0.21

0.13

0.08

0.10

0.08

0.05

1.18 x 106

1,48 x 106

1.32

0.78

0.50

O.63

0.50

0.31

1.33 x 106

1.05

0.56

|

0.41

Table 8.3

EXPOSURE

min.

0

0

30

30

60

60

90

Test Results for Su }er-iodination of the 40 Hour Biofilm.

CFU/mL CFU/cm 2

2,06 x 105 1.29 x 106

3.70 x 105 l 2.32 x 106

1.41 1 8.84
0.55 3.45

.-----]
0.66

0.09

0.10

4.11

0.55

0.63

AVERAGE

CFU/cm 2

1.81 x 106

6.14

2.33

90

120

120

0.01

0.09

0.10

0.06

0.56

0.63

0,35

0.59

URC 80356 8-6
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Table 8.4

EXPOSURE

rain.

0

0

30

30

60

60

Super-iodination of the 72 Hour Biofilm-Single Exposure.

CF-LJ/mL CFU/cm 2

1.64 x 105

• 5.50 x 105
I

11.0

19.8

1.03 x 10 6

3.45 x 106

69.0

124. I

AVERAGE

C FU/cm 2

2.24 x 106

96.6

6.9

Table 8.5

EXPOSURE

min./min.

30/30

30130

60130

60130

60160

6016O

Super-iodination of 72 Hour Biofilm-multiple exposure.

CFU/mL

0.34

0.33

0.05

0.03

0.03

0.11

CFU/cm 2

0.3

0.2

0.2

J 0.7

AVERAGE

CFU/cm2

2.1

0.2

0.4

URC 80356
8-7
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Table 8.6

EXPOSURE

rain.

0

0

30

30

60

60

90

90

120

120

Test Results for Super-iodination of the 88 Hour Biofilm.

CFUln-d_,

4.20 x 105

3.90 x !05

41 ._

16.8

0.19

0.84

i

CFU/cm 2

2.63 × 106

2.45 x 106

262

105

19.3

42.6

1.18

5.25

2.35

0.55

038

0.09

AVERAGE

CFU/cm 2

2.54 x 106

I84

31.0

3.22

1.45

Clearly, as the biofilm ages, a greater contact time is required to produce an equivalent

microbial kill. The 40 hour biofilm required a super-iodinated water contact time of 60

minutes to achieve an approximate 6 order of magnitude microbial reduction. The 72 hour

biofilm data are complicated by the fact that both single and repetitive iodinations were

conducted. In the single exposure test, a 60 nfinute contact time yielded three times as many

survivors as did two repetitive 30 minute contacts, resulting in 300,000 fold and 1,000,000

fold reductions in bacterial populations respectively. Between 90 minutes and 120 minutes

URC 80356 8-8
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were required to achieve an equivalent microbial contact kill for the 88 hour biofiim.

8.4 Conclusions.

Based upon the simple experiments outlined above, the RMCV operating in the super-

iodination mode is capable of drastically reducing the leve!s of surface microbial

contamination. It is effective against a young biofilm, but not able to reduce the biofilm

forming bacterial population to zero. It is capable of disinfection of contaminated surfaces,

but not capable of complete sterilization.

As an added capability of the RMCV, operation in the super-iodination mode could

be quite useful in dealing with transient episodes of microbial contamination aboard

spacecraft. Alternatively, stand-alone iodine crystal beds could be developed for the purpose

of surface decontamination and biofdm control. The super-iodination mode of operation was

incorporated into the design of the prototype RMCV and is discussed fiarther in Section 10.

URC 80356 8 - 9
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9.0 Overview.

From a materials compatibility perspective, there are several problematic aspects of 12

c.hemistry+ Both aqueous 12 ang 13- are moderately strong oxidifing agents, with a standard

reduction potential of+0 535 volts fo r the half reactions,

12 + 2e- -_ 2I- (Eqn. 9.1) and 13- + 2e" -_ 3I" (Eqn. 92).

As previously discussed in Section 7, 12 oxidizes formic acid to CO 2. 12 can also oxidize a

host of other substances including metallic zinc, cadmium, copper, chromium, and iron. This

presents a problem with respect to the suitability of metals and alloys for use in the

construction of RMCVs. The reactivity of 12 with unsaturated organic materials can also

cause problems. 12 forms adducts with olefins in which I is added to both sides of the double

bond, as shown in equation 9.3,

\c=c / I i_!,, --C--C--
I I

/ X, I I
(Eqn. 9.3).

This may pose problems with plastics and related polymeric substances. 12 also readily

diffuses into and di_x)lors a variety of organic materials used in the fabrication of O-rings,

tubing, valves, fittings, cormectors, etc. The volatility _f aqueous 12 and the tendency of

crystalline 12 to sublime, makes isolation of components from potential deleterious effects,

difficult to achieve.

For these reasons, a materials compatibility testing program was implemented in order

to identify suitable construction materials for incorporation into the prototype RMCV under

development. Twelve materials were initially selected for evaluation, these included: 304

stainless steel, 316 stainless steel, 316L stainless steel, 347 stainless steel, 410 stainless steel,

titanium-2, titanium-7, titanium-9, titanium-4901, Teflon, polypropylene, and Viton A. At a

later date, Hasteloy G, Hasteloy C, and Teflon coated stainless steel were added to the test

program.

URC 80356 9-2
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Coupons of the various materials were contacted with 12 in three states: dry crystals,

moist cD'stals, and saturated aqr._eous solutions (I 2 _ 300 mg/L at 21 oc, !2 _ 900 mg/L at

54.4 oC) ,and housed within bor, silicate glass containers, and enclosed with Teflon lined

screw-caps. Coupons contacted with each of the 12 states were prepared in duplicate, one

held at room temperture, the other held at 54 4 oc. The c(_upons were periodically i_?_.cted,

cleaned, dried and weighed. All weights were obtained using an analytical balance ser,.: '. _, e to

0.0001 gram. Repetitive v, eighings yielded results that were reproducible to within 0 0005

gram. Weight change3 less than 0.0005 gram were not considered significant. The results of

these tests are discussed below.

9.1 Corrosion of Stainless Steels by 12 .

The resul_s of the iodine corrosion tests/br the five stainless steels: 304 stainless steel,

316 stainless steel, 316L stainles._ steel, 347 stainless steel, and 410 3tainless steel, are

illustrated in Figures 9.1, 9.2, 9.3, 9.4, and 9.5. The initial and successive coupon weights are

summarized in in Tables 9.1, 9.2, 93, 9.4, and 9.5 respectively.

9.1.1 Exposure to Saturated lod[ne Solution.

Saturated aqueons 12 at room temperature has little or no effect on 304, 316, 316L

and 347 stainless steels. However, significant weight loss of the 410 stainless stee! coupon is

evident under these conditions, with a total weight loss _om approximately 7.17 g to 6.36 g

over the 300 days of exposure

Significant corrosion rates are obtained for all stainless steel coupons held at 130 OF.

Under these conditions, both 304 and 316 stainless steel coupons are virtually completely

dissolved following 180 days of exposure. 316L stainless steel appears more robust, with 50

% weight loss after 180 days, but complete disappearance after 300 days. After 300 days,

URC 80356 9-3
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Figure 9.1 Iodine Corrosion Tests - 304 Stainless Steel.
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approximately 40 % of the 347 stainless steei coupon material was still intact. As expected,

410 stainless is corroded at a higher rate at elevated temperature.

9.1.2 Exposure to Moist Crystalline 12 .

At room temperature the response tc contact with moist iodine crystals varied

between the stainless steels. 304 stainiess steel and 410 stainless steels were vigorously

attacked under these conditions, each virtually disappearing after 180 days of exposure, v, hile

316, 316L, and 347 stainless steels were not significantly corroded after 300 days.

At 54.4 oc all stainless steel were vigorously attacked by the wet iodine crystals. After

approximately 100 days of exposure, all stainless steel coupons were completely dissolved.

9.1.3 Exposure to Dry Crystalline 12.

The effects of exposure to dry iodine crystals at room temperature ranged from

moderate to severe. After 300 days of exposure approximately 80 %, 65 %_ 20 %, 60 %, and

20 % of the coupon material remained for 304, 316, 316L, 347, and 410 stainless steels

respectively.

The rates of corrosion o¢ the coupons were accelerated for 304, 316, and 316L

stainless steels at 54.4 oc. Surprisingly, the rates of corrosion for 347, and 410 stainless steels

were lower than the rates evident at room temperature.

9.2 Corrosion of Titanium by I2.

Experimental results for the Titanium-2, Titanium-7, Titanium-9, and Titanium-4901

coupons are illustrated in Figures 9.6, 9.7, 9.8, and 9.9 respe,;uvely. The initial and successive

coupon weights are sununarized in in Tables 9.6, 9.7, 9.8, and 9.9 respectively. Neither

exposure to the saturated 12 solution nor exposure to moist 12 crystals resulted in any

discernable corrosion of any of the titanium coupons under study.

Only exposure to dry crystalline iodine at 130 OF resulted in corrosive weight losses,

which in comparison to the stainless steels were minimal. All of the titanium coupons so

URC 80356 9 - 12
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exposed were heavily stained. The Titanium-2 specimen was the most severely corroded,

showing an approximate 350 mg weight loss from an intial weight of 7.64 g This coupon

also showed some evidence of physical damage in the form of moderate pitting

9.3 Corrosion of Hasteioy C and Hasteloy G by 1 2.

Both of these alloys were added to the materials compatibility test program a.tier tests

of the original twelve materials had begun. For this reason, the time-span of their exposures to

12 is shorter. Experimental results for the Haste!oy C and Hasteloy G coupons are illustrated

in Figures 9oi0 and 9!1 respectively. The initial and s_Jccessive coupon weights are

summarized in Tables 9.10, and 9.11 respectively.

9.3.1 Corrosion ofHasteloy C.

Hasteloy C was the last alloy incoporated into the material compatibility study. It was

subjected to approximately 120 days ofI 2 exposure. In this time_ none of the corrosive states

at either ambient or elevated temperture resulted in any signific_'nt 'weight loss or visual signs

of degradation.

9.3.2 Corrosion ofHaste|oy G.

The test coupons were subjected to appro_mately one year of 12 e×posure. At room

temperature, Hasteloy G was not significar, tly cor'roded by either wet 12 crystals or the

saturated aqueous 12 solution. However, exposure to dry crystalline !2 at rcom temperature

resulted in an overal! 10 % weight loss for the test coupon.

The experiments conducted at 54.4 oc resulted in very s!igh_, corrosion of the coupons

exposed to either the saturated aqueous 12 solution or dry 12 c_ystals. The fractional weight

loss for the coupon exposed to dry crystals was slightly greater than that for the coupon

exposed to the saturated solution. At elevated temperature, the wet crystaJ exposure state

resulted in complete dissolution of the coupon after appro×imatel) 250 days. These

URC 80356 9- 19
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experiments indicate that the extent of the corrosion resulting fi'om exposure to dry 12 czystals

is less at elevated temperature than at room temperature. The reason for this seemingly

anomalous behaviour is not known. Light staining was observed for each coupon exhibiting

weight loss

9.4 Compatibility of Organic Materials with 12.

Experimental results for the Teflon, polypropy!ene, Viton A, and Teflon coated 302

stainless steel coupons are illustrated in Figures 9+12, 9.13, 9.14, _d 9.15 respectively. The

initial and successive coupon weights are summarized in Tables 9.I2, 9.13, 9.14, and 9_15

respectively.

Of the organic materials studied, Teflon was the least affected by contact with iodine.

All of the Teflon coupons registered very gmall weight (W) gains, with AWs _ 0.05 % for 300

days of exposure. This is most probably due to the combined effects of diffusion and

adsorption, Each of the Teflon coupons exhibited a light purple grin.

Polypropylene coupons exhibited significantly higher weight increases with AWs _ 0.8

% at room temperature, and with AWs ranging between 3 % and 8 % at 54.4 oC. Marked

di _scoloration of the polypropylene coupons was observed, the severity being greater for the

elevated temperature iodine exposure states. In all cases, the originally semi-translucent

polypropylene coupons became dark brown and opaque. These effects are attributable to

diffusion, adsorption, and chemical reaction.

The Viton A coupons exhibited weight gains substantially greater than those of Teflon

and less than those of polypropylene. An intermediate level of discoloration was also evident.

Anomalously high weight gains were observed for the wet 12 crystals and the saturated 12

solution at 54.4 oc after approximately 100 days of exposure. This is believed due to

incomplete c!eaning of the coupon surface prior to drying and weighing.

The Teflon coated 302 stainless steel springs were added to the materials compatibility

URC 80356 9-23
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program after testing of the original twelve materials had been initiated. Under all conditions

of iodine exposure, Teflon coated 302 stainless steel initially exbJbited strong resistance to the

adverse effects of 12. Later in the experiment however, all forms of 12 exposure, with the

exception of the saturated 12 solution at ambient temperature, resulted in rapid degradation,

until complete destruction of the springs were observed al_er approximately 350 days of

exposure. Microscopic examination revealed small point defects in the Teflon coating,

through, which 12 was able to directly attack the stainless steel. The spring exposed to

saturated aqueous 12 at room temperture exhibited no deleterious effects,

9.5 Analysis of Saturated 12 Solutions for Dissolved Metals.

Samples of the liquid remai ing in the saturated 12 solutions for the metallic coupons

were collected aider 110 days of exposure, where possible. These were analyzed by atomic

absorption spectrophotorr_rr, for Fe, Ni, Cr, and Ti. InsufF, cient liquid volume was obtained

for analysis of the saturated iodine mlutions initially bathing the 316 and 410 stainless steel

coupons at 54.4 oc. Due to the variable effects of evaporation, and plating of once dissolved

metals on the container surface, the results of analysis were not considered either

representative or use_l. The practice was discontinued.

9.6 Conclusions.

The materials of choice for use in the fabrication of prototype RMCV components to

be exposed to prolonged periods of high aqueous elemental iodine concentrations, particularly

at elevated temperature, or which are to be exposed directly to dry iodine crystals, are Teflon

and titanium grades 7, 9, and 4901. Grade 2 titanium is suitable for exposure to nigh

concentrations of aqueous I2, but not to dry crystals. For components which are o:_!y to be

subjected to less corrosive states, or to transient episodes of higher corrosivity, Teflon coated

stainless steel, one of the Hasteloys, or stainless steels should prove adequate.
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10.0 Overview.

For the purpose of completely demonstrating the utility of the regenerative microbial

check valve concept, a full scale autonomous prototype has been designed, fabricated, tested

and delivered to NASA - Johnson Space Center. SuccessFul development of the prototype

RMCV was the culwanation of the Phase II increment of the regenerative biocide delivery, unit

investigation.

Prototype RMCV development drew heavily upon the information gained from both

the long term life cycle testing and parametric testing phases of the program. In large measure

the parametric tests were specifically tailored to provide performance data to be used in

sealing up the RMCV process from small column scale to the Space Station Freedom design

flow rate of 120 cm3/min.. DI water, representing reclaimed potable water from a closed loop

regenerative water processor, was selected as the challenge stream for prototype testing.

Acceptable materials of construction for the prototype RMCV were identified via the

materials iodine-compatibility tests outfined in Section 9.

I0.1 Prototype RblCV Design.

The envelope of operation specified for the prototype RMCV was to maintain

residual bioeide levels in the range of 2.0 - 4.0 mg/L 12 for a room temperature DI water

challenge stream flowing at a nearly constant flow rate of 120 cm3/min. The prototype was

required to have a mimmum six month life It was also considered desirable for the prototype

to undergo a minimum of six regenerations during the six month period alioted to prototype

performance evaluation. The prototype RMCV was required to operate in the super-

iodination mode on a demand basis.

10.1.1 MCV and Solid 12 Bed Sizing.

The information required for determination of the proper bed sizes for both the MCV

iodinated re.fin bed and the solid state 12 crystal regeneration bed were determined through

URC 80356 10- 2
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the parametric testing program presented in Section 6. The primary sizing considerations

were to: minimize transient 12 concentrations in excess of 4.0 r_-jL during regeneration by

sel_ting a suitable residence time of the challenge solution in the MCV; to maximize aqueous

12 concev, tration in the regeneration crystal bed effluent by selection of a suitable residence

time of the challenge solution in the 12 c_stal bed; and to maintain a lerg:h to diameter ([JD)

ratio greater than 2.0 in both beds to assure uniform tlow characteristics and to prevent flew

channeling through the beds.

Figure 10.1 presents the relationship between effluent 12 conce_ltration and MCV

residence time during regeneration. The minimum MCV residence time required to prevent

the effluem 12 concentration from exceeding 4.0 mg/L during regeneration is approximately

0.45 minutes. The relationship between aqueous 12 concentration in tb_ regeneration liquor

versus crystal bed residence time is illustrated in Figure 10.2 The minimum crystal bed

residence time required to provide a 240 mg/L effluent 12 concer_trafion at room temperature

is approximateiy 1 minute. The linear relationships between flow rate and bed size required to

achieve these two residence times are shown in Figure 10.3. The prototype fiesign flow rate

of 120 cm3/min corresponds to mirtimurn bed volumes of 54 cm 3 and 120 cm 3 for the MCV

bed and the 12 crystal, bed respectively,

The maximum bed volumes were determined by more pragrnztic limitations. The

prototype MCV bed size was required to be small enough to undergo a minimum of six cycles

of washout and regeneration within the six month prototype evaluation pe(,oO. The solid state

12 crystal bed volume was required to be small enough to be housed is _ compact RMCV

prototype flame, yet having sufficient volume to cycle through a minimum of six

regenerations.

At the prototype design flow rate of 120 em3/min, for a selected bed diameter of 3.81

cm (1.5") I.D., the minimum bed lengths as determined by residence time requirements are

4.83 cm (1.9") and 10.4 cm (4.1") for the MCV and 12 cry_tal bed respectively. In this

URC 80356 10 - 3
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configuration, however, the MCV falls short of the minimum L/D ratio of 2. To meet this

requirement a minimum bed length of 7.62 cm ('3.0") is needed. Based upon these

considerations, a 100 cm 3 MCV similar to those in use on Shuttle Orbiter missions was

selected for the prototype. This MCV has a residence time of 0.833 minutes, nearly twice the

minimum required, and satisfies the LtD requirement.

A typical washout capacity for freshly prepared iodinated MCV resin is 20 L/era 3. At

prototype design flow rates, this corresponds to 2,000 Liters per washout for the selected

MCV, and to 15.5 RMCV cycles of washout and regeneration for the six month test period.

This approximate calculation indicated that the selected MCV would undergo a sufficient

number of regenerations for evaluation of the RMCV prototype and its control system.

For the 12 crystal bed, because its contents are being depleted with time, the minimum

residence time requirement dictates the length of the bed at the end of its use_l life. In the

[rRC 80356 lO- 5
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case of a 3.81 era (1.5") I.D. bed, when the compressed crystal bed depth reaches 10.41 cm

(4. l "), the residence time has decreased to the minimum At its initial state, the bed length

must be increased by an amount corresponding to the total 12 depletion e×pectec' for the

duration of its useful life.

As an estimate of the iodine mass lost to tSe efHuent stream during a six month period,

an average concentration of 3.0 mg/L in the MCV effluent over this time period was assumed.

This overestiraate provided a considerable margin of safety. The particle size distribution for

the 12 crystals and the known packing densities for each particle size allowed an estimate of

an average packing density of 2.7 g/era 3 for the bulk iodine crystals. Using these assumptions

an estimate of the iodine volume used in a six month period was made,

3 m_g 31,104 L

L = 34.6 crn3 (Eqn. 10.1).

2, 700 mg
cm 3

The cross sectional area (A) for the crystal bed is,

A = _ (3.81/2 cm) 2 = 11.4 cm 2 (Eqn. I0.2),

and the expected linear bed shrinkage that occurs over a six month period is,

34.6 cm 3
- 3.04 cm (Eqn. 10.3).

11.4 cra 2

Hence a total bed length of 13.45 cm .(5.3 _) was found sufficient for maintenance of the

required residence time over the six month test period.

A length of 15.24 cm (6 _) was chosen for the prototype 12 crystal bed design. With

the additonal 1.78 cm margin of safety, estimated bed life was increased to approximately 285

days. The 3.81 x 15.24 (1.5 _ x 6.0 ") dimensions correspond to an initial bed volume of 175

cm 3 and to an initial residence time of 1.46 minutes.

URC 80356 10-6
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10.1.2 RMCV How Path Hardware.

A plumbing diagram of the proto_ype RMCV is presented in Figure 10.4. The

pro:otype RMCV has been constructed of materials which render it suitable for use at room

temperature only. Of the twelve sul;s_.a_'_ces evaluated as potential materials of construction for

the prototype RMCV, Teflon, Viton A_ Titanium (aJl grades), 316 stainless steel, and 316L

stainless steel were found to be suitable for use at room temperature. At elevated

temperatures (54.4 oc) the stainless steels are attacked by elemental iodine as is Grade 2

Titanium. A more complete discussion of the compatibility of construction materials with

elemental iodine is given in Section 9.

The MCV housing selected for the RMCV prototype is the standard 3.81 cm ID

model provided to NASA for Shuttle Orbiter missions. The MCV is illustrated in Figure 10.5.

The MCV cartridge is constructed of 316 stainless steel with the interior surface protected by

a Teflon coating. The spring used in the MCV is composed of Teflon coated 302 stainless

steel.. The 3.81 cm ID by !5.24 em solid state iodine crystal bed shown in Figure 10.6, was

fabricated from grade 2 Titanium and uses a Teflon coated 302 stainless steel spring.

An ATKOMATIC model L-01365-08 three way diverter valve, rated at 6.5 W for

115 VAC and 60 Hz, is used to invoke regeneration. Two check valves are placed so as to

isolate the diverter valve, constructed of 430F stainiess steel, from the high aqueous 12

cor, centrations encountered during regeneration. Two FURON model MT2-122NCAI

Teflon three way valves, rated at 2W each for 115 VAC and 60 Hz, are used to select

between the normal regeneration mode of operation or the super-iodination mode in which the

MCV is bypassed_

All plumbing is 0.635 cm (1/4") I.D. Miscellaneous check valves, tubing fittings, etc.,

that are directly contacted with concentrated aqueous 12 during RMCV operations, are

constructed of either Grade 2 Titanium, Teflon, Viton A, or 316 stainless steel.

URC 80356 10 - 8
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The materials compatibility study, detailed in Section 9, revealed no adverse effects on grade 2

titanium for any of the room temperture modes of 12 exposure. However, at an elevated

temperature (54.4 oc) Grade 2 Titanium in contact, with dry ic,dine crystals did show

moderate corrosion. Also, Teflon coated springs were found Io be strongly attacked by all

exposure conditiens except that of saturated aqueous iodine at room temperature. For these

reasons, the iodine crystal bed, f_tbricated for the Prototype RMCV, should not be stored in

contact with dr¢ iodine crystals. As a general operational precaution, it is recommended that

the iodine crystal bed always be plumbed for influent to enter the spring end of the cartridge

to preclude any possibility ef an iodine crystal contacting the spring.

10.1.3 The Prototype RMCV Contrel System.

A block diagram of the prototype electronic control system is shown in Figure 10.7.

Overall control is achieved using a ZS0 microprocessor based microcontroller (Octagon

Systems modei 5080), housed within a card cage (Octagon Systems model 5207-RMH) and

driven by an Octagon Systems model 5100 power supply with 5 V and 12 V outputs.

Residual 12 concentrations are transmitted from the system iodine monitor via an RS -232

serial data link to the microcontroller where they are stored in system RAM (128K). Decisions

to initiate and terminate regenerations are made by the microcontroller based upon the 12

concentration information. The microcontroller is capable of utilizing quantitative data

originating from either the onboard system 12 momtor prcvided by Astro International or from

a photo diode array spectrophotometer. The regeneration diverter valves and the super-

iodination valve are controlled through a digital I/O interface to the microcontroller which

sinks power to an external relay for each _,_alve.

The control code is written onto a 32 K EEPROM chip resident on the

microcontroller board. This code is automatically executed on system power-up. User

interaction with the rnicrocontroller is achieved via a sixteen character keypad (Octagon

Systems model KP-1) and an 80 character liquid crystal display (Octagon Systems model

URC 80356 10 - 11
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Figure 10.7 Pre_otype RMCV Control Schematic.

2783). A complete listing of the master control program BOOTRMCV.BAS, written in

CAMBASIC is included in Appendix I. A more detailed description of operational features

of the control software is presented in the 1LMCV Prototype Operations Manual (Appendix

II).

The, control algorithms were written to serve with any MCV - 12 crystal bed

combination that meet the minimum design r_uirements discussed in sub-section 10.1. The

parameters that mast be modified via keyboard entry for the algorithm to function properly,

are the flow rate, the crystal bed effluent 12 cencentration, and the MCV bed volume if these

differ from the 120 cm3/rnin., 240 rag/L, and 100 cm 3 values currently used.

10.1.4 The On-Line Iodine Monitor.

The prototype RMCV system iodine monitor was provided by Astro International

URC 80356 10- 12
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Corporation. This unit is the latest version of the Iodine Bench under development for

deployment aboard Space Station Freedom as a component of the Process Control Water

Quality Monitor (PCWQlVl). The system has been described by Dougherty et a1116. The

Iodine Bench quantifies aqueous 12 by monitoring absorbance at 467 nm using an LED light

source and a 15 cm path-length flov,, cell designed for a flow rate of ! 20 cm3/min.

Prior to accep_,ance of the Astro Iodine Bench as system 12 monitor an extensive

intercompafison was conducted between prototype 1LMCV effluent 12 values generated by

the Astro Iodine Bench, by the diode array speetrophotometer, and by the LCV colorimetric

technique. The results of this intercomparison are presented in Figure 10.8. As indicated in

Figure 10.8a, the 12 values resulting from the Astro Iodine Bench tracked well with those

originating from the other methods, but with a constant offset of appro:,dmately +0.5 mg/L.

Figure 10.gb shows the generally good agreement between the three methods following

recalibration of the Astro Iodine Bench.

Integration of the Astro Iodine Bench with the Prototype RMCV necessitated a re-

design of the Iodine Bench's control system. The primary requirement was to reduce the size

of the control package need___ to operate the Astro Iodine Bench, and to minimuze
electromcs

redundancies. In the configuration in wl_ch the Astro Iodine Bench was initially evaluated as

a potential system 12 monitor, control was provided by an IBM compatible PC-XT with A/D

and D/A capability. The Iodine Bench control software had been written in MicrosoflC and

resided on a 5 1/4 "floppy disk.

An Octagon Systems 5010 single board PC compatible computer was selected to

replace the full size PC. The re-designed Astro Iodine Bench control electronics are outlined

in the block diagram of Figure 10.9. The components consist of an Octagon Systems 5207-

RMH rack mounted card cage, Octagon 5100 power supply, Octagon 5010 microcontroller

card, Octagon 5800 floppy disk controller card, Metraby'te DACO2 digital to analog

convener card, and Metrabyte DAS-OgLT analog to digital convene: card. Both the Astro

URC 80356
10- 13
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Figure 10.9 Astro Iedine Bench Control Schematic.
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Iodine Bench microcontroller and the prototype _ystem controller utilize the same card cage

and power supply.

All modifications :o the Astro Iodine Bench were made by Astro International

Corporation personnel at their League City. Texas facility. Control algorithms for the Astro

Iodine Bench were rewritten and the code loaded into EEPROM. Communication between

the Iodine Bench microcontrol|er and the KMCV controller card occurs via a serial R3-232C

data link. The Hewlett Packard 8452A diode array spectrophotometer configured with a

10 cm path-length flow-through cell can also be used either in a primary or secondary iodine

monitoring role. This instrument is not able to accomodate the full prototype RMCV flow

rate. For this reason an KMCV effluent bypass loop was added to the system. The diode

f
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array spectrometer may be connected to the inlet and outlet to this loop. Flow is then

established using a n_dle valve to adjur: the flow rate through the spectrophotometer cell.

i0.2 The Integrated Prototype RMCV.

A schematic illustration of the prototype RMCV enclosure and the layout of" key

components is shown in Figure I0 !0. The unit consists of a 15 inch cubic frame containing

the stainless steel MCV, Titaniarn 12 c_'stal bed housing, Astro Iodine Bench, and associated

valves, fittings, and plumbing.

Located above the RMCV frame is the electro;tics enclosure which houses the card

cage, controllers, power supplies, breadboard mounted electromechanical relays, A#D, D/A

and interface boards. Mounted on the forward face of the electronics enclosure are the liquid

crystal display and 16-key keypad. Attached to the side of the electronics enclosure are two

RS-232C D-subminiature 9 pin connectors for interface to an IBM PC compatible computer.

These serial ports can be used to upload modified control code to the microcontroller

EEPROM, to download RMCV performance data stored in RAM, or to communicate MCV

effluent 12 values between a diode array spectrophotometer and the ILMCV r_,aicrocontroller.

Mounted at the lower right hand side of the frame is a Quick Disconnect ((, 9) panel.

providing QDs for the process stream inlet and outlet. "Iwo additional QDs are provided for

use with the photodiode arr':y spectrophotometer as an optional in-line iodine monitor. A

needle valve located at the QD panel allows the user to adjust the split stream flow rate to an

external iodine monitor. Additional details are presented in the Prototype RMCV Operational

Manual attached to this document as Appendix II.

10.3 The Prototype RMCV Operational Test.

The prototype RMCV was subjected to a six month operational test Initial DI

water flow was established at a nora/hal 120 cm3/min and continued without significant

URC 80356 10- 16
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interruption until the test was concluded. The operational history of the prototype is

illustrated in Figure 10.11. During the test period, the prototype RMCV underwent nine

complete cycles of washout and regeneration. Each regeneration was autonomously initiated

by the microcontroller. Debugging of the control code and evaluation of the regeneration

control procedure were performed concurrently with the test period.

During the test period, 12 levels in the MCV effluent were determined by UW-VIS

spectrophotometry using a diode away spectrophotometer, by a closely related

spectrophotometfic technique using the Astro Iodine Bench, and by the classical LCV

colorimetric procedure. Continuous 12 data are not available for the test period as the Iodine

Bench results are not recorded on stor_ ge media. These data were stored in microcont.roller

RAM, but displaced when either memory was filled or power was lost. For this reason, LCV

derived 12 and I- values have been used in Figure 10.11.

With the exception of the washout following the first regeneration event, the 12

concentration did not exceed 4.0 mg/L. This was due to the optimized residence time of the

prototy_ MCV. The most noteworthy feature of the prototype RMCV performance during

the six month test period is the extremely slow response of the full scale system to

regeneration. Failure to fully anticipate this operational charactefstic led to an over-

regeneration at the end of the first cycle.

In contrast to the virtually immediate rise in MCV effluent 12 concentrations

experienced with small column scale RMCVs, the full scale unit shows little if any rise in

effluent 12 during the event. Instead, following regeneration, residual 12 levels rise very

slowly over the course of several days, until a maximum is reached. Once this point is

attained, a typical MCV washout follows. Thus the full scale RMCV cycle consists of a wash-

up phase following regeneration, followed by a normal washout once the maximum residual

12 concentration for the cycle has been reached. The wash-up time period is typically shorter

than the washout time period. This is likely due to higher concentration gradients established

URC 80356 i0- 18
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across the MCV resin bed following regeneration.

Fre,_hly iodinated MCV resin is of relatively uniform composition Once initial flow

through the resin bed begins, however, an 12 concentration gradient is established with the

minimum concentration at the inflow face and the maximum concentration at the outflow face,

During regeneration,, the 12 concentration gradient is strongly reversed. The wash-u,_ period

corresponds to the time interval required to re-establish the original gradient. The total cyclic

time period from regeneration through washout is analogous to the retention time of a

chromatographic peak.

Irrespective of the type of system iodine monitor in use at a particular time, the

rnicrocontrolier performs a running integration of the area under the wash-up/washout curve

to determine the total 12 depletion for the cycle. This calculation assumes a fixed flow rate.

The length of the regeneration period is then calculated as the time required to replace the 12

lost from the system, assuming that the concentrated regeneration liquor contains 240 mg/L

of 12. The it,dine crystal bed has been designed to output this concentration as a minimum at

room temperature for the bulk of its usefial life as long as a minimum residence time is met as

discussed in sub-section i0.1. Both the flow rate and the regeneration iiquer iodine

concentration assumed values can be altered by the operator via keypad input. Regenerations

during the six month test period typically required between four and five hours for

completion. The average cyclic throughput during the test period was approximately 30

L/era 3.

At the end of the six month test period, the operation in the super-iodination mode

was tested. A split of the RMCV effluent was routed to a diode array spectrophotometer

fitted with a 1 cm path length flow-through cell. Super-iodination was invoked by keypad

input. The test results are illustrated in Figure 10.12. The prototype RMCV, at the end of its

6 month design life, output 60 liters of strongly iodinated water at a relatively uniform

concentration of approximately 240 mg/L. Further flow produced a gradual decline in the

URC 80356 !0 - 20
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Figure 10.12 Prototype RMCV in Super-Iodination Mode.

aqueous 12 concentration. After more than 350 liters of flow, levels of approximately 175

mg/L were observed. At this point all prototype gMCV operations were terminated.

An inspection of the C_'ade 2 Titanium housing revealed no evidence of corrosion.

Calculation yielded an expected 9.88 cm of crystalline iodine remaining at the end of the test

period, 9.22 cm of remain/ng iodine were found This small discrepancy is probably due to

the increased packing density of the iodine crystals resulting from the tension of the Teflon

coated spring.

10.4 Conclusions.

The prototype RMCV test program was an unqualified success. The feasibility of fuli

scale RMCV operations has been fully demonstrated. With the substantially higher MCV

UKC 80356 10-21
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residence time of the full scale unit the transient peak of ldgh 12 concentration, observed in

small column tests during regeneration, has been totally eliminated. The system has proven

capable of maintain/ng 12 concentrations within the narrow range of 2.0 - 4.0 mg,/L

indefinitely. Additionally, ope.ation in the super-iodination mode has confirmed that a

concentrated aqueous iodine solution can be prepared on demand for use during transient

episodes of microbial contamination.
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The advanced RMCV development program has been very successful. Fully

autonomous RMCVs have been designed, fabricated and tested, from the small column scale

to the fhll scale prototype tested at the Space Station Freedom water processor design flow

rate.

The small column life cycle testing demonstrated dramatic improvements in long term

MCV performance via the in situ regenerative process, exhibiting total throughputs up to

2,611 L/era 3. MCV life extensions of 120 - 130 fold were demonstrated, limited only by the

duration of the Phase II performance period. At the conclusion of the life cycle testing the

RMCVs were still fully fianctiopal. The RMCVs were shown to operate with a variety of

influent streams of diverse chemical compositions including simulated: reclaimed potable

water, reclaimed hygiene water, humiaity condensate and urine distillate. The challenge

streams of differing chemical compositions were found to exhibit characteristic cyclic

frequencies, which, on average, ranged between 7.67 - 16.49 L/cm 3.

The primary symptom of deteriorating RMCV performance was observed as a gradual

increa_ in the frequenq,' of regeneration, with a corresponding reduction in cyclic throughput.

Potential causative factors responsible for performance degradation were identified as loss of

I" from the MCV resin anion exchange sites, and the blockage of ion exchange sites by

physical coating ofthe resin beads by particulate matter. The loss of I- from the MCV resin is

thought to be due to both displacement by other anions such as Ci', and to a reduction in the

number of ion exchange sites due to slow mechanical degradation of the resin. Blockage of

the uptake of 12 from the regeneration liquor by materials coating the resin beads or

precipitated in the interstitial spaces is felt to be largely attributable to the accumulation of

materials originating from dead microorganisms. This suggests the need for adequate

filtration of the RMCV influent stream. Inclusion of the capability for an MCV resin bed

backwash may be a useful design feature to achieve the longest possible continuous operation

[

[ URC 80356 11 -2

pRE(':,F_DtNG P_GF i_LA_;K ,*_O! F!LMI_-_



I

I
!

I

[

[

r

!-

[

[

[
1-

[

[
i

l

[

[

of a full scale ILMCV_

The design features necessary for optimal RMCV performance have been determined

through a prcgmm of parametric testing These were incorporated into the design of a full

scale autonomous prototype RMCV which operated continuously for a six month test period

In this time, the pzototype I_tCV underwent nine cycles of washout and regeneration and

accumulated a total throughput in excess of 300 L/cm 3. No indications of deteriorating

performance were observed, Operation of the prototype RMCV gave every indication that a

much greater life for the full scale system is possible, This unit has been completely

refurbished and delivered to NASA-JSC.

A secondary use of RMCV technolo_, in the delivery, on demand, of very strong

aqueous 12 solutions (225 - 300 rag/L) for use in the disinfection of microbial surface

contamination and in the control of biofilm fm'mation has been demonstrated. Both small

column and full scak tests have been successfully conducted. The efficacy of the strong

aqueous 12 solution has _n shown against both surface microorganisms and young _" ,ns.

This technology can potentially be applied against episodes of transient system microbial

upset, as a means of removing surface microbial contaminants, as a means of controlling

biofilm formation, and as a preventative measure in systems which are particularly vulnerable

to microbial contamination.

In addition, the RMCV development program has resulted in several related

accomplishments of potential benefit. Methodology for the use of the diode array

spectrophotometer as an on-line real time iodine monitor has been fully developed. The

compatibility of a variety of materials with elemental iodine over a range of exposure

situations has been determined.

The chemistry of aqueous 12 has been explored. The oxidation of formic acid,

contained within both ersatz humidity condensate and ersatz urine distillate, by g2 has been

identified, and the kinetics of the second order bimoleeular reaction has been investigated. In
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these experiments the reacted 12 was quantitatively recovered as I', indicating that iodinated

organic disinfection byproducts were not being formed in sign/ficant quantities

The complex system of equilibria responsible for aqeuous iodine speciatioa has been

modeled and studied under conditions of varying pH and total iodine concentration. The

kinetics of aqueous iodine sepeciation have also been modeled under conditions of varying pH

_d total iodine concentration. The results of these studies have clearly indicated not only the

pH sc.,,sitivity of both the slow and the fast hydrolytic disproportionation reactions, but also

the concentration dependence which rentiers low 12 levels, such as those encountered in

MCV effluents, significantly more susceptible to hydrolysis. The speciation equilibria and

kinetics also suggest that for a closed loop system of given volume and given water recycle

rate, an optimal pH can be identified to minimize the formation of I- as a consequence of the

addition ofa biocidal 12 residual. This pH will certainly be below 7.0.

Based upon the highly successful results of the Phase II RMCV development program,

a Phase III continuation of this work culminating in Flight Hardware is clearly warranted.

Based upon the tez't results to date, it is certain that an autonomous KMCV system can be

designed to function with a minimum of human intervention and minimal resupply penalty for

the 30 year life of the Space Station. This technology is ideally suited for inclusion in the

environmental control and life support systems required for a manned Mars mission or a

Lunar Base. Also, growing interest in the use of elemental iodine as a disinfectant to control

waterborne bacterial pathogens, particularly in third world countries, suggests the potential

for RMCV technology to be applied commercially to public drinking water supplies.
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